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PROGRESS A!;D PROULET4S IPJ ATTlOSPIIERE ENTRY 

By A l f r e d  J .  E g g e r s ,  J r . ,  and I i a t h a n i e l  B.  Cohen 

ABSTil ACT 

Problems of  e n t r y  v e h i c l e  mot ion ,  h e a t i n g ,  and heat 

p r o t e c t i o n  are  d i s c u s s e d  i n  t h e  c o n t e x t  of c u r r e n t  and 

p o s s i b l e  f u t u r e  space f l i g h t  m i s s i o n s ,  i n c l u a i n g  unmanned 

p r o b e s  of  t h e  a t m o s p h e r e s  o f  Ilars, Venus,  and  J u p i t e r ,  and 

manned v e h i c l e s  a p p r o p r i a t e  f o r  c o n t r o l l e d  p l a n e t a r y  e n t r y  a t  

v e l o c i t i e s  f rom o r b i t a l  t o  h y p e r b o l i c .  Hecent  a d v a n c e s  i n  

r e e n t r y  p h y s i c s ,  i n c l u d i n g  b o t h  t h e o r e t i c a l  and e x p e r i m e n t a l  

work i n  flow f i e l d  a n a l y s i s ,  c o n v e c t i v e  a n d  r a d i a t i v e  h e a t i n g ,  

and  combined e f f e c t s ,  have  enhanced o u r  a b i l i t y  t o  p r e d i c t  

ae rodynamic  h e a t i n g .  Problems i n  r e e n t i  j i c s  which  r e m a i n ,  
*- 

. s u c h  as  t r a n s i t i o n  t o  t u r b u l e n t  f l o w ,  &\ # h e a t  t r a n s f e r  

a t  h y p e r - v e l o c i t i e s ,  and  complex r a d i a t i o n  f l o w - f i e l d  i n t e r -  

a c t i o n s  and  t h e i r  p o s s i b l e  i n f l u e n c e  on v e h i c l e  c o n f i g u r a t i o n  

a r e  d i s c u s s e d .  A t t e n t i o n  i s  a l s o  g i v e n  t o  g round  s i m u l a t i o n  

f a c i l i t i e s ,  s u c h  as t h e  e x p a n s i o n  t u n n e l ,  b a l l i s t i c  shock  

t u n n e l ,  and  h i g h  e n t h a l p y  a r c  j e t ,  which  are p a r t i c u l a r l y  u s e f u l  

i n  t h e  s o l u t i o n  of p rob lems  i n  r e e n t r y  p h y s i c s  and  heat s h i e l d  

materials b e h a v i o r .  F i n a l l y ,  some c o n s i d e r a t i o n  i s  g i v e n  t o  

t h e  c o m p a r a t i v e  f e a t u r e s  of  r o c k e t  b r a k i n g  and maneuver ing  

as c o n t r a s t e d  t o  a t m o s p h e r e  b r a k i n g  and  maneuver ing  f o r  t h e  

s p e c t r u m  of  speeds  and  m i s s i o n  p r o f i l e s  of  f u t u r e  i n t e r e s t .  
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S i g n i f i c a n t  a d v a n c e s  have been accompl i shed  i n  t h e  s c i e n c e  

and t e c h n o l o g y  a p p r o F r i a t e  t o  a t n o s p h e r e  e n t r y  o f  s p a c e c r a f t  

d u r i n g  t h e  e ight  years  s i n c e  the l a u n c h i n g  of  S p u t n i k  I .  T h i s  

p r o g r e s s  i s  no b e t t e r  i l l u s t r a t e d  t h a n  by t h e  s u c c e s s f u l  e n t r y  

f rom e a r t h  o r b i t  of  t h e  manned Vostok ,  r'!ercury, Voskhod, and  

Gemini s p a c e c r a f t ,  f o r  which t h e  problems i n h e r e n t  i n  o r b i t a l  

~ e n t r y ,  s u c h  as h i g h  c o n v e c t i v e  h e a t i n g  r a t e  and l o a d  and  corn- 

rnun ica t ion  b l a c k o u t ,  were s u c c e s s f u l l y  overcome. F o r  t h e  p a s t  

f o u r  years ,  a t m o s p h e r e  e n t r y  r e s e a r c h  a c t i v i t i e s  i n  t h e  U n i t e d  

S t a t e s  were c o n c e n t r a t e d  upon t h e  problems a p p r o p r i a t e  t o  

r e t u r n  from l u n a r  m i s s i o n s  which a r e  c h a r a c t e r i z e d ,  f o r  t h e  

&. Apol lo  v e h i c l e ,  by n o n n e g l i g i b l e  r a d i a t i v e  h e a t i n g  r a t e s  and 

a h i g h l y  nonsymmetr ic  f l o w  f i e l d ,  as w e l l .  

Al though t h e  f irst  A p o l l o  v e h i c l e  e n t r y  has y e t  t o  be 

d e m o n s t r a t e d ,  t h e  n e x t  few yea r s  a re  e x p e c t e d  t o  b r i n g  s u c c e s s =  

f u l  accompl i shmen t  of  f i r s t  ea r th  o r b i t a l  and t h e n  l u n a r  r e t u r n  

e n t r i e s  w i t h  t h i s  v e h i c l e .  Much e n g i n e e r i n g  work f o r  t h i s  

v e h i c l e  r e m a i n s  t o  be  done;  however, t h e  f u n d a m e n t a l  r e s e a r c h  

a c t i v i t y  a s s o c i a t e d  w i t h  Apol lo  I s  b e i n g  r e d u c e d  I n  f a v o r  o f  

t h a t  a s s o c i a t e d  w i t h  m i s s i o n s  and v e h i c l e s  of t h e  more d i s t a n t  

f u t u r e .  A l ready  c e r t a i n  new p r o b l e x s  a r i s i n g  I!-, such m i s s i o n s  

have  b e e n  i n v e s t i g a t e d  i n  t h e  v a r i o u s  l a b o r a t o r i e s ,  r e s u l t i n g  

i n  i m p o r t a n t  new knowledge. I t  is  t h e  p u r p o s e  of  t h i s  paper  

t o  d i s c u s s  some of  t h e  more i n t e r e s t i n g  m i s s i o n s  of t h e  f u t u r e ,  



t o  d e s c r i b e  t h o s e  i n i s s i o n  c h a r a c t e r i s t i c s  p e r t i n e n t  t o  

a tmosFhere  e n t r y ,  t o  review s o n e  r e l s t e d  r e s e a r c h  a c c o n p l i s h -  

ments  i n  t h e  r e c e n t  l i t e r a t u r e ,  and t o  p o i n t  o u t  some o f  t h e  

many problems reriiaifiing; t o  b e  s o l v e d .  

R e f e r e n c e s  c i t ec i  t h r o u g h o u t  t h e  p a p e r  a r e  m e r e l y  

r e p r e s e n t a t i v e  of  t he  wea l th  o f  l i t e r a t u r e  a v a i l a b l e  on t h e  

t o p i c s  d i s c u s s e d .  An e x t e n s i v e  b i b l i o g r a p h y  was p r o v i d e d  by 

Love ( r e f .  1). Acicii t ional mater ia l  nay  b e  found i n  t h e  

r e f e r e n c e  l i s t s  of  t h e  c i t e d  p a p e r s ,  

FUTURE YISSIONS 

* 

The pOSt-AFOllO era  i s  l i k e l y  t o  p r o v i d e  a v a r i e t y  of 

.- new e n t r y  o p p o r t u n i t i e s  w h i c h  i n t r o d u c e  a number o f  phenomefia 

c o n s i d e r a b l y  d i f f e r e n t  from t h o s e  r e l a t e d  t o  n e a r - b a l l i s t i c  

e n t r i e s  a t  o r b i t a l  or escape v e l o c i t i e s  i n t o  t h e  E a r t h ' s  a tmos-  

p h e r e .  The e s t a b l i s h m e n t  o f  l o n g - d u r a t i o n  e a r t h - o r b i t a l  

l a b o r a t o r i e s  may wel l  lead t o  a r e q u i r e m e n t  for l o g i s t i c  

v e h i c l e s  c a p a b l e  of  genera t ing ;  a s u f f i c i e n t  l i f t / d r a g  r a t i o  t o  

p r o v i d e  f o r  r e d u c e d  e n t r y  u e c e l e r a t i o n s ,  maneuver ing  d u r i n g  

e n t r y  for l o n g i t u d i n a l  and l a t e r a l  r a n g i n g ,  and h o r i z o n t a l  

l a n d i n g  c a p a b i l i t y .  Such v e h i c l e s  would, of  n e c e s s i t y ,  b e  

r e l a t i v e l y  s l e n d e r  and nonsymmetric i n  o r d e r  t o  p r o v i d e  the 

r e q u i r e d  l i f t ;  the  econoniics of such v e h i c l e s  might  c a l l  f o r  

r e q u i r e d  r e - u s e .  bJhi.le t h e  g r o s s  e n t r y  env i ronmen t  f o r  t h e s e  
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v e h i c l e s  will be l i t t l e  c l i f f e r e n t  rrorr: t h k t  p r e v i o u s l y  

e n c o u n t e r e d ,  t h e i r  c o n f i g u r a t i o n s  w i l l  r e s u l t  i n  flow f i e l d s  

o f  a somewhat d i f f e r e f i t  c h a r a c t e r .  

Ne are  p r e s e n t l y  f a s t  a p p r o a c h i n g  t h e  c a p a b i l i t y  o f  

l a u n c h i n g  unmanned p r o b e s  o f  t h e  a t n o s p h e r e s  of :.Tars and 

Venus, f o r  which a whole h o s t  o f  new e n t r y  problems w i l l  b e  

e n c o u n t e r e d .  The a t m o s p h e r e s  of  these two p l a n e t s  are  a t  

t h i s  t ime n o t  f u l l y  d e t e r m i n e d ,  b u t  b o t h  a r e  t h o u g h t  t o  

c o n t a i n  s i g n i f i c a n t  f r a c t i o n s  o f  C02 and i'I2, l e a d i n g  u s  t o  

e x p e c t  r a d i a t i o n  hea t  t r a n s f e r  of major p r o p o r t i o n  from 

cyanogen formed i n  t h e  shock  l aye r ,  e s p e c i a l l y  a t  t h e  modera t e  

v e l o c i t i e s  a s s o c i a t e d  with IIars e n t r y .  C h a r a c t e r i s t i c  e n t r y  

-- v e l o c i t i e s  f o r  such  p r o b e s  a r e  shown i n  F i g u r e  1. 

Because Mars i s  t h o u g h t  t o  be t h a t  p l a n e t  i n  t h e  s o l a r  
Y 

s y s t e m ,  o t h e r  t h a n  E a r t h ,  n o s t  l i k e l y  t o  have  a n  env i ronmen t  

s u i t a b l e  f o r  t h e  e v o l u t i o n  o f  l i f e ,  i t  may b e  t h e  s u b j e c t  of 

e x t e n s i v e  e x p l o r a t i o n ,  f i r s t  by  unmanned s y s t e m s ,  and t h e n ,  

i f  w a r r a n t e d ,  by man. The mounting of a manned e x p l o r a t i o n  

program w i l l  be accompanied by  ma jo r  new problems 

i n  a t m o s p h e r e  e n t r y  a s s o c i a t e d  with t h e  t h r e e  t y p e s  of e n t r y  

v e h i c l e s  c o n t e m p l a t e d  f o r  u s e  i n  such a m i s s i o n ;  namely, a 

l a rge  v e h i c l e  c a p a b l e  of h y p e r b o l i c  e n t r y  i n t o  t h e  N a r t i a n  

a t m o s p h e r e  as a l t e r n a t i v e  t o  a p r o p u l s i v e  maneuver ,  a n  

e x c u r s i o n  module f o r  l a n d i n g  on t h e  s u r f a c e  from o r b i t  i f  t h e  

Vars O r b i t a l  Rendezvous mode i s  used ,  and  a h y p e r b o l i c  ea r th  
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r e e n t r y  module.  The e n t r y  v e l o c i k y  rar,ge a s s o c i a t e d  bvith 

e a c h  of t h e s e  mar,el?vers is shohn i n  " i y u r e  1. E a r t h  r e t u r n  

v e l o c i t i e s  shown p r e s u p p o s e  u s e  o f  t r a j e c t o r i e s  shaped  by  

p a s s a g e  c l o s e  t o  Venus ciur ing t h e  m i s s i o n .  F c r  a i r e c 5  t r a -  

j e c t o r i e s ,  e a r t h  r e t u r n  v e l o c i t i e s  up t o  a b o u t  2 3  km/sec 

a r e  a p p r o p r i a t e .  

Also l i s t e d  i n  t h e  f i g u r e  i s  t h e  e n t r y  v e l o c i t y  a s s o c i a t e d  

w i t h  a tmosphe re  p r o b e s  o f  J u p i t e r ,  p r o v i d e d  t h a t  no p r o p u l s i v e  

b r a k i n g  i s  u t i l i z e d .  Tociay's e n t r y  t e c h n o l o g y  c l e a r l y  d o e s  

n o t  p e r m i t  s u c h  a n  e n t r y  and much work m u s t  b e  dGne i f  s u c h  a 

m i s s i o n  i s  t o  b e  a t t e m p t e d .  because  J u p i t e r  e n t r y  p r o b e s  a r e  

s o  f a r  i n  t h e  f u t u r e ,  no f u r t h e r  c o n s i d e r a t i o n  w i l l  b e  g i v e n  

t o  them here.  

T'LI?711T Y E C H A N I C S  AND T;OTIOIlJ 

Among t h e  p r i m a r y  p rob lems  i n  f l i g h t  mechanics  and mot ion  

a p p r o p r i a t e  t o  e n t r y  v e h i c l e  t e c h n o l o g y  a re  d e t e r m i n a t i o n  of  

t h e  p e r m i s s i b l e  e n t r y  c o r r i d o r ,  r a n g e  c a p a b i l i t y ,  t h e  a b i l i t y  

t o  d e p l o y  d e c e l e r a t o r s  such  as p a r a c h u t e s ,  and t h e  a b i l i t y  t o  

l a n d  h o r i z o n t a l l y .  Each of t hese  p l a c e s  c e r t a i n  r e q u i r e m e n t s  

upon v e h i c l e s ,  and  i n f l u e n c e s  t h e  r e e n t r y  p h y s i c s  phenomena 

t h r o u g h  t h e i r  dependence  upon b o t h  e n t r y  t r a j e c t o r y  and v e h i c k  

c o n f i g u r a t i o n .  T h e  i m p l i c a t i o n s  o f  t h e s e  w i l l  b e  d i s c u s s e d  

f o r  E a r t h  arid Mars e n t r y .  
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E a r t h  E n t r y  

The e r i t r y  c o r r i d a r  i s  d e f i n e 6  for s u p e r - c i r c u l a r  e n t r y  

a s  t h e  r a n g e  of e n t r y  a n g l e  p e r m i t t e d  t o  -a v e h i c l e  be tween 

t h e  b o u n d a r i e s  r e p r e s e n t i n g  s k i p - o u t  ( o v e r s h o o t )  and  e x c e s s i v e  

d e c e l e r a t i o n  ( u n d e r s h o o t ) .  T h e  a l l o w a b l e  c o r r i d o r  i s  

f r e q u e n t l y  d e s c r i b e d  by  a l i n e a r  dimenslor . ,  t h e  c o r r i d o r  d e p t h ,  

d e f i n e d  by  Chapman ( r e f .  2 )  as e q u a l  t o  t h e  d i f f e r e n c e  i n  t h e  

vacuum p e r i g e e s  f o r  t h e  c o r r e s p o n d i n g  o v e r s h o o t  and u n d e r s h o o t  

t r a j e c t o r i e s .  The c o r r i d o r  a v a i l a b l e  t o  a v e h i c l e  depends  

upon t h e  p l a n e t ,  i t s  a t m o s p h e r e ,  t h e  e n t r y  v e l o c i t y ,  and 

v e h i c l e  aerodynamic  c h a r a c t e r i s t i c s ,  and must  b e  s u f f i c i e n t l y  

d e e p  t o  accommodate a p p r o a c h  g u i d a n c e  t o l e r a n c e s .  

* 

& 

A v e r y  t h o r o u g h  d i s c u s s i o n  of ear th  e n t r y  f l i g h t  mechan ics  

was g i v e n  by Love ( r e f .  1). I t  was shown t h e r e  that  t h e  

a v a i l a b l e  c o r r i d o r  decreased r a p i d l y  w i t h  i n c r e a s i n g  e n t r y  

v e l o c i t y ,  i n c r e a s e d  w i t h  i n c r e a s i n g  l i f t / d r a g  r a t i o ,  and was 

f u r t h e r  i n c r e a s e d  i f  t h e  modu la t ion  of l i f t  t h r o u g h  v e h i c l e  

a t t i t u d e  change  was p e r m i t t e d .  F o r  e n t r y  v e l o c i t i e s  c h a r a c -  

t e r i s t i c  of  r e t u r n  f rom a m i s s i o n  t o  I'Iars, t hese  t r e n d s  a r e  

g r a p h i c a l l y  i l l u s t r a t e d  by F i g u r e  2, a p l o t  of a v a i l a b l e  

c o r r i d o r  d e p t h  as a f u n c t i o n  o f  maxinun h y p e r s o n i c  l i f t / d r a g  

r a t i o  f o r  two v e l o c i t i e s  and  two l i f t  m o d u l a t i o n  schemes.  

These da t a  a re  c r o s s - p l o t t e d  from t h e  da t a  of P r i t c h a r d  ( r e f . 3 ) .  

F o r  t h e  r o l l - m o d u l a t e d  c a s e ,  t h e  veh ic l e  f l i e s  a t  a f i x e d  

6 
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a t t i t u d e  c o r r e s p o n d i n g  t o  i? f ixeci  r a t i o  of t h e  r e s u l t a n t  l i f t  

t o  d r a g ;  however ,  t h e  v e r t i c a l  coxponent  of  l i f t  may be  

modu la t ed  t h r o u g h  r o l l i n g  t h e  v e h i c l e  a b o u t  the f l i g h t  p a t h  

a x i s .  L a t e r a l  t r a n s l a t i o n  w i l l  r e s u l t ,  b u t  this may b e  

c o n p e n s a t e d  by l a t e r  maneuvers ,  if desireci. The e n t r y  t h r o u g h  

p u l l o u t  i s  a t  maximum p o s i t i v e  l i f t - t o - d r a g  r a t i o .  F o r  t h i s  

c a s e ,  t h e  o v e r s h o o t  boundary  i s  d e f i n e d  b y  t h e  minimum e n t r y  

a n g l e  p e r m i t t i n g  c o n s t a n t  a l t i t u d e  f l i g h t  w i t h  n e g a t i v e  

l i f t / d r a g  r a t l o  a f t e r  p u l l o u t  ( i . e . ,  t h e  v e h i c l e  r o l l s  180 

degrees a t  p u l l o u t ) ,  and  t h e  u n d e r s h o o t  boundary  i s  d e f i n e d  

by  a 12g l i m i t  on r e s u l t a n t  d e c e l e r a t i o n .  

Angle of a t t a c k  c h a n g e s  a re  p e r m i t t e d  i n  t h e  p i t c h  modu- 

-+ l a ted  c a s e  i n  a d d i t i o n  t o  r o l l .  For  t h i s  c a s e  t h e  o v e r s h o o t  

c r i t e r i o n  i s  t h e  same as f o r  t h e  p r e v i o u s  c a s e ,  b u t  t h e  

u n d e r s h o o t  boundary  i s  somewhat d i f f e r e n t .  I n  u n d e r s h o o t ,  
. 

p i t c h  m o d u l a t i o n  i s  employed when t h e  12g  d e c e l e r a t i o n  l i m i t  

i s  r e a c h e d  s u c h  t h a t  t h i s  d e c e l e r a t i o n  i s  m a i n t a i n e d  as  t h e  

l i f t  c o e f f i c i e n t  d e c r e a s e s  t h r o u g h  z e r o  and t o  maximum 

n e g a t i v e  L/D. Roll m o d u l a t i o n  a t  c o n s t a n t  a l t i t u d e  i s  t h e n  

assumed . 
For t h e  r o l l - m o d u l a t e c  v e h i c l e ,  l a rge  i n c r e a s e s  i n  maximum 

l i f t / d r a g  r a t i o  beyond a v a l u e  of a b o u t  one ,  o f f e r  o n l y  a small 

i n c r e a s e  i n  a v a i l a b l e  c o r r i d o r  dep th .  I f  the  g u i d a n c e  

a c c u r a c y  Is assumed t o  be t y p i c a l l y  a b o u t  15  km, t h e  r o l l -  

m o d u l a t e d  v e h i c l e  p r o v i d e s  a s u f f i c i e n t  c o r r i d o r  d e p t h  f o r  L/D 
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v e l o c i t i e s  f o r  r e t u r n  t r a j e c t o r i e s  f rom I:lars, b u t  p r o v i d e s  

a maximum of o n l y  a b o u t  1 0  km a t  t h e  ex t r eme  h i g h  e n e r g y  

r e t u r n  v e l o c i t y  of 2 1 . 3  kmjsec .  i n  c o n t r a s t ,  t h e  p i t c h -  

modu la t ed  v e h i c l e  n o t  only p r o v i d e s  s u f f i c i e n t  corridor 

d e p t h  a t  L/D=1 for t h e  h i g h e r  v e l o c i t y ,  b u t  c a n  more p r o f i t -  

a b l y  employ h i g h e r  L/D i f  r e q u i r e d .  The p e n a l t y  one  must  pay 

for p i t c h  n o d u l a t i o n  i s  i n  v e h i c l e  we i F; h t and  c o m p l e x i t y .  

Flovable c o n t r o l  s u r f a c e s  w i l l  be r e q u i r e d  t o  p r o v i d e  p i t c h  

m o d u l a t i o n ,  and  these  must  p r o j e c t  w e l l  i n t o  t h e  h i g h  energy 

airstream t o  b e  e f f e c t i v e ,  t h u s  c r e a t i n g  a n  aerodynamic  heat-  

i n g  problem o f  major p r o p o r t i o n s .  I n  a d d i t i o n ,  u n d e r s h o o t  
~ .' e n t r i e s  are  s teeper  for t h e  p i t ch -modu la t ed  v e h i c l e  and 

h i g h e r  r a d i a t i v e  h e a t i n g  r a t e s  and loads a re  e n c o u n t e r e d  

compared t o  t h e  r o l l - m o d u l a t e d  v e h i c l e  of  e q u a l  maximuin L/D. 

Iiowever, f o r  a g i v e n  c o r r i d o r  d e p t h ,  lower L/D i s  r e q u i r e d  f o r  

t h e  p i t c h - m o d u l a t e d  v e h i c l e  and this t r e n d  i s  r e v e r s e d  ( see  

r e f .  3 ) .  

The p r e c e d i n g  d i s c u s s i o n  has shown a r e q u i r e m e n t  f o r  L/D 

r a n g i n g  f rom a b o u t  1 / 2  t o  1 f o r  e a r t h  r e t u r n  from Yars, 

d e p e n d i n g  upon r e t u r n  v e l o c i t y  and l i f t  m o d u l a t i o n  scheme 

u t i l i z e d .  Vehic les  p r o v i d i n g  s u c h  a c a p a b i l i t y  w i l l  b e  

n e c e s s a r i l y  r e l a t i v e l y  s l e n d e r  compared t o  t o d a y ' s  o p e r a t i o n a l  

manned e n t r y  v e h i c l e s .  Such a f a m i l y  of v e h i c l e s  i s  t h e  

s o - c a l l e d  l i f t i n g  body, w i t h  a l i f t / d r a g  r a t i o  r a n g i n g  from 
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a b o u t  1 / 2  i n  t h e  b l u n t e r  v e h i c l e s  t o  a b o u t  1 -1 /2  for t he  more 

s l e n d e r  v e h i c l e s  ( r e f s .  4 arid 5 ) .  It  w i l l  b e  shown l a t e r  t h a t  

t h e  r e l a t i v e l y  s l e n d e r  v e h i c l e s  are a l s c  c o m p a t i b l e  w i t h  

r e q u i r e m e n t s  r e s u l t i n g  f rom c o n s i d e r a t i o n  of  r a d i a t i o n  hea t  

t r a n s f e r  a t  h y p e r b o l i c  v e l o c i t i e s ,  

Once t h e  r e q u i r e m e n t  f o r  h y p e r s o n i c  L/D cf t h e  o r d e r  of 

one i s  e s t a b l i s h e d  t o  meet e n t r y  c o r r i d o r  r e n u i r e m e n t s ,  s i y n i -  

f i c a n t  l o n g i t u d i n a l  and l a t e r a l  r a n g e  c a p a b i l i t y  i s  a f f o r d e d  

f o r  s e l e c t i o n  o f  t h e  l a n d i n g  p o i n t ,  and the p o s s i b i l i t y  o f  

h a v i n g  c o n v e n t i o n a l  l a n d i n g  c a p a b i l i t y  i s  e s t ab l i shed .  For 

t h e  l a t t e r  c a p a b i l i t y ,  a s u b s o n i c  L/D of  from t h r e e  t o  f i v e  

a p p e a r s  des i r ab le ,  d e p e n d i n g  upon v e h i c l e  win& l o a d i n g .  Such 

-' a s u b s o n i c  L/D a p p e a r s  feas ib le  f o r  a v e h i c l e  w i t h  h y p e r s o n i c  

L/D of a b o u t  one ,  and  g l i d e  t e s t s  o f  IF r e s e a r c h  e n t r y  v e h i c l e  

of  t h i s  t y p e ,  shown i n  Figure 3, will soon b e g i n  a t  t h e  I IASA 

F l i g h t  R e s e a r c h  C e n t e r .  

" 

Aars E n t r y  

rlany of t he  same c o n s i d e r a t i o n s  d i s c u s s e d  f o r  ea r th  e n t r y  

are  of i n t e r e s t  f o r  e n t r y  i n t o  t h e  a t m o s p h e r e  of  blars. I n  

a d d i t i o n ,  t h e  problem o f  b a l l i s t i c  e n t r y  o f  unmanned p r o b e s  

o r  l a n c i e r s  a n d  t h e  c o m p l i c a t i o n  of  a n  u n c e r t a i n  a t m o s p h e r i c  

c o m p o s i t i o n  and  s t r u c t u r e  a r e  I n t r o d u c e d .  Est imates  of  t h e  

s u r f a c e  p r e s s u r e  a t  Mars, which had r a n g e d  from a b o u t  1 0  t o  85  mb 
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i n  r e c e h t  years ,  h a v e  been  r e v i s e d  downwarc! t o  ciore nearly 

10 mb, based upon t h e  i l e s u l t s  of t h e  r e c e n t  P ' lar iner  I V  f l y b y .  

, Atmosphere c o m p o s i t i o n  i s  s t i l l  nct  e s t a b l i s h e d  w i t h  any  

c e r t a i n t y .  D e f i n i t i o n  of  t h e  a t n o s p h e r e  s t r u c t u r e  and 

cor : ipos i t ion  w i t h  s u f f i c i e r i t  a c c u r a c y  f o r  d e t a i l e d  d e s i g n  of  

oytirnuE v e h i c l e s  inay n o t  be  p o s s i b l e  u n t i l  d i r e c t  n e a s u r e -  

n e n t s  by unmanned p r o b e s  o r  l a n d e r s  are made. U n t i l  t h a t  

t i m e ,  d e s i g n  of Xars e n t r y  v e h i c l e s  w i l l ,  o f  n e c e s s i t y ,  be 

s u f f i c i e n t l y  c o n s e r v a t i v e  t o  p e r m i t  s u c c e s s f u l  e n t r y  ( a n d  

s o f t  l a n d i n g ,  i f  a p p r o p r i a t e )  f o r  t h e  r a n S e  o f  l i k e l y  a tmos-  

p fLe?es .  L e v i n ,  Evans ,  and  S t e v e n s  (ref. 6 )  p r o v i d e  a l i s t  

of r e f e r e n c e s  p r o p o s i n g  models o f  t he  f n a r t i a n  a t m o s p h e r e  

I 

~ 

- -  a n d ,  c o r r e s p o n d i n g  t o  t h e  r e c e n t  measurements  of Kaplan ,  e t  

a l ,  ( r e f .  7 )  and  K u i p e r  ( re f .  8 ) ,  have  g e n e r a t e d  t h r e e  t e n t a -  

t i v e  e n g i n e e r i n g  models u s e f u l  f o r  d e c e l e r a t i o n  and h e a t i n g  
4 

c a l c u l a t i o n s .  The e f f e c t  o f  M a r t i a n  a t m o s p h e r i c  u n c e r t a i n t i e s  

upon f l i g h t  mechan ics  p a r a m e t e r s  w i l l  b e  d i s c u s s e d  i n  t h e  

s u b s e q u e n t  p a r a g r a p h s .  

H y p e r b o l i c  e n t r y  a t  Mars o f  b a l l i s t i c  v e h i c l e s  i s  of  

i n t e r e s t  i n  terms of unmanned a tmosphe re  p r o b e s  and l a n d e r s .  

Because  d e c e l e r a t i o n  t o l e r a n c e s  of i n s t r u m e n t s  t e n d  t o  be  

s i g n i f i c a n t l y  g r e a t e r  t h a n  t h o s e  of man, e n t r y  c o r r i d o r  con- 

s i d e r a t i o n s  f o r  s u c h  s y s t e m s  are n o t  u s u a l l y  c r i t i c a l .  

However, t o  e n s u r e  landing a t  t o l e r a b l e  impac t  v e l o c i t i e s ,  
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-- 

I 

s u c h  v e h i c l e s  must d e c e l e r a t e  s u  L c i e n t l y  i n  t h e  a t m o s p h e r e  t o  

a l l o w  f o r  t h e  deployment  of d e c e i e r a t o r s  s u c h  as  p a r a c h u t e s .  

If t h e  a t m o s p h e r e  i s  as t e n u o u s  as  s u g g e s t e d  b y  Kaplan and  

K u i p e r ,  as well as by t h e  M a r i n e r  I V  r e s u l t s ,  v e h i c l e s  will 

have t o  be q u i t e  b l u n t  and l i g h t l y  l o a d e d  i n  o r d e r  t h a t  dep loy-  

ment v e l o c i t i e s  a r e  r e a c h e d  a t  s u f f i c i e n t l y  h i g h  a l t i t u d e .  

The d e g r e e  t o  which the  a tmosphe re  i n f l u e n c e s  t h e  v e h i c l e  

d e s i g n  f o r  t h i s  c a s e  may b e  s e e n  f rom t h e  f o l l o w i n g  s i m p l e  

c a l c u l a t i o n .  

The e x p r e s s i o n  

f rom r e f .  9 ,  d e f i n e s  t h e  v e l o c i t y  o f  a b a l l i s t i c  e n t r y  v e h i c l e  

d u r i n g  i t s  e n t r y  f o r  c o n d i t i o n s  o f  a n  i s o t h e r m a l  a t m o s p h e r e  

w i t h  c o n s t a n t  d e n s i t y  s c a l e  h e i g h t  Ht and  d e c e l e r a t i o n s  l a r g e  

w i t h  r e s p e c t  t o  t h e  l o c a l  g r a v i t y .  V i s  t h e  v e l o c i t y ,  VE t h e  

e n t r y  v e l o c i t y ,  m/CDA t h e  b a l l i s t i c  p a r a m e t e r ,  4 t h e  ambien t  

d e n s i t y ,  and  t h e  e n t r y  a n g l e .  The s t r a t o s p h e r e  o f  e a c h  of  

t h e  t h ree  model  a t m o s p h e r e s  of r e f e r e n c e  6 i s  i s o t h e r m a l  and  

has a n  a p p r o x i m a t e l y  c o n s t a n t  d e n s i t y  s c a l e  h e i g h t .  They  have  

e a c h  b e e n  a p p r o x i m a t e d  by an i d e a l i z e d  i s o t h e r m a l  a t m o s p h e r e ,  

w i t h  t h e  d e n s i t y  r e l a t i o n  

where  h is t h e  a l t i t u d e ,  and  t h e  c o n s t a n t s  are  as g i v e n  i n  

t h e  t ab l e .  



12 

Flode i 1 2 3 

? r e f  (fin/cm3 ) 5,28x10'5 5.69~10-5 1.09~10'~ 

H (km) 2 0 . 9  14.0 6 . 5  4 
,".lode1 S u r f a c e  Pressure 

pc (mb) 40  2 5  1 0  

I d e a l i z e d  S u r f a c e  P r e s s u r e  

P r e f  (mb) 39.6 28.6 25 .4  

T ropopause  A l t i t u d e  (km) 22  18 10 

Ti lus ,  t h e  i d e a l i z e d  a t m o s p h e r e s  a r e  good f i t s  t o  t h e  r e s p e c t i v e  

iriodels above  t h e  t r o p o p a u s e  and e q u a t i o n  (1) i s  a p p r o x i m a t e l y  

v a l i d  he re ,  -- 
E q u a t i o n s  (1) and ( 2 )  may be s o l v e d  f o r  t h e  a l t i t u d e  a t  

r which t h e  v e l o c i t y  i s  r e d u c e d  t o  a s p e c i f i e d  f r a c t i o n  of t!ie 

e n t r y  v e l o c i t y .  T h i s  has been  done f o r  V/V, = 0 . 0 5 ,  c o r r e s p o n d -  

i n g  t o  r e a s o n a b l e  v e l o c i t i e s  f o r  deployment  of c o n v e n t i o r , a l  

p a r a c h u t e s  and f o r  v e r t i c a l  e n t r y ,  and t h e  r e s u l t s  a re  p l o t t e d  

i n  F i g u r e  4 as a f u n c t i o n  of  m / C D A  for e a c h  o f  t h e  t h r e e  

i d e a l i z e d  a t m o s p h e r e s  , The dasheu F o r t i o r ,  of t h e  c u r v e s  

r e p r e s e n t  a l t i t u d e s  below t h e  c o r r e s p o n d i n g  t r o p o p a u s e  and 

t he  r e s u l t s  are  i n v a l i d  here .  I f  a minimum deployment  a l t i t u d e  

of a b o u t  1 0  l;m i s  assumed, t h e  f i g u r e  shows t h a t  v a l u e s  o f  t h e  

b a l l i s t i c  p a r a m e t e r  sonewhat  treater t h a n  6 gms/cm2 a re  

t o l e r a b l e  f o r  I lode l  1, PJhile a v a l u e  of' a b o u t  2 . 5 ,  a b o u t  as  

low as c a n  b e  a t t a i n e d  i n  p r a c t i c e ,  i s  r e a u i r e d  f o r  r?odel 3. 



E n t r y  a t  s o n e  a n g l e  o t h e r  t f ian v e r t i c a l  t i ou lu  a l l e v i a t e  

tliese r e s u l t s  somewhat, b u t  would  still r e a u i r e  low v a l u e s  

of JiI/CDA. 

:?ode1 3 would n e c e s s a r i l y  b e  t h e  d e s i g n  model f o r  p a r a c h u t e  

dep loymen t ,  and would r e q u i r e  ex t re rhe ly  b l u n t ,  l i g h t l y  

l o a d e d ,  e n t r y  v e h i c l e s .  T h i s  r e s t r i c t i o n ,  c o u p l e d  w i t h  t h e  

a s s o c i a t e d  h i g h  l e v e l s  of r a d i a t i v e  h e a t i n g ,  r e s u l t s  i n  

r a t h e r  small  pay load  t o  f y o s s  weight  r a t i o s .  Helated a s p e c t s  

of t h i s  problem were d i s c u s s e d  b y  R o b e r t s  ( r e f .  10) and 

s e i f f  (ref. 11). 

' d i t h o u t  b e t t e r  d e f i n i t i o n  of  the  a t m o s p h e r e ,  

The a f o r e m e n t i o n e d  a t m o s p h e r i c  u n c e r t a i n t i e s  c o u l d  have  

n a j o r  impac t  on h y p e r b o l i c  manned e n t r y  v e h i c l e s  as well .  

Such e n t r i e s  would b e  a p p r o p r i a t e  i f  a tmosphe re  b r a k i n g  were 

t o  b e  u s e d  e i t h e r  for d i r e c t  l a n d i n g  on t h e  p l a n e t  s u r f a c e  

f rom a h y p e r b o l i c  approach  t r a j e c t c l r y  o r  f o r  c a p t u r e  of a n  

a p p r o a c h i n g  v e h i c l e .  T h e  l a t t e r  maneuver i s  r a r t  of  a m i s s i o n  

node  c a l l e d  Nars O r b i t  Rendezvous i n  which t h e  m i s s i o n  v e h i c l e  

e n t e r s  h y p e r b o l i c a l l y ,  i s  d e c e l e r a t e d  a e r o d y n a m i c a l l y  t o  

a p p r o x i m a t e l y  c i r c u l a r  s a t e l l i t e  v e l o c i t y ,  and t h e n ,  t h r o u g h  

a maneuver  u t i l i z i n g  l i f t ,  e x i t s  t h e  a tmosphe re .  Nhen a n  

a p p r o p r i a t e  a l t i t u d e  i s  reached, a modera t e  p r o p u l s i v e  

maneuver  i s  used  t o  e s t a b l i s h  an o r b i t .  From t h i s  o r b i t ,  a n  

e x c u r s i o n  n o d u l e  may be d i s p a t c h e d  t o  t h e  s u r f a c e  and ,  upon 

r e t u r n ,  r e n d e z v o u s  w i t h  t h e  p a r e n t  v e h i c l e  p r i o r  t o  d e p a r t u r e  

-- 
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f o r  E a r t h .  I n  e i t h e r  c a s e ,  d i r e c t  entry o r  e r , t r y  t o  o r b i t ,  

a t m o s p h e r e  b r a k i n g  c a n  ne inore e f f i c i e n t  t h a n  t h e  c o r r e s p o n a i r q  

p r o p u l s i o n  maneuver i n  terns  of e n u i v a l e n t  s p e c i f i c  impulse, 

as  i s  shown l a t e r .  

F o r  s u c h  h y p e r b o l i c  e n t r i e s ,  t h e  c o n c e p t  o f  arI e n t r y  

c o r r i d o r  may b e  used  t o  d e f i n e  l i f t  r e a u i r e m e n t s  a s  a f u n c t i c n  

of e n t r y  v e l o c i t y  and a t m o s p h e r i c  c h a r a c t e r i s t i c s .  Cons ide ra -  

t i o n  was g i v e n  t o  s u c h  e n t r y  c o r r i d o r s  b y  i'lck'enzie ( r e f .  1 2 )  

and  N a p o l i n  arid IIendez ( r e f .  13), and S i y u r e  5, c r o s s - p l o t t e d  

from f l cKenz ie ' s  da ta ,  i l l u s t r a t e s  t h e  a v a i l a b l e  c o r r i d o r  

for a t m o s p h e r e s  of two d i f f e r e n t  s c a l e  h e i g h t s  w i t h i n  t h e  

-. r a n g e  o f  t h e  models  of r e f e r e n c e  6 .  In t h i s  f i g u r e ,  t h e  

l i f t / d r a g  r a t i o  i s  c o n s t a n t  a t  1/2 ,  u n d e r s h o o t  i s  d e f i n e d  

* b y  a r e s u l t a n t  d e c e l e r a t i o n  of l o g  w i t h  t h e  l i f t  v e c t o r  

d i r e c t e d  ou tward ,  and  o v e r s h o o t  by c a p t u r e  r e q u i r e i n e n t s  w i t h  

t h e  l i f t  v e c t o r  d i r e c t e d  t o w a r d s  t h e  p l a n e t .  As c a n  b e  s e e n ,  

i f  a g u i d a n c e  a c c u r a c y  of  15 km i s  assumed,  s u f f i c i e n t  

c o r r i d o r  would b e  p r o v i d e d  even  f o r  the smaller  v a l u e  of  s c a l e  

h e i g h t  f o r  t h e  f u l l  r a n g e  of v e l o c i t i e s  of i n t e r e s t .  For a 

g i v e n  s c a l e  h e i g h t ,  s u r f a c e  p r e s s u r e  l e v e l  i s n o t  a f a c t o r  i n  

d e t e r m i n i n g  a v a i l a b l e  c o r r i d o r  because  t h i s  p re s su re  t e n d s  

o n l y  t o  f i x  t h e  a l t i t u d e  a t  w h i c h  inaneuvers t a k e  p l a c e .  I n  

t h e  c a s e  of F i g u r e  5 ,  t h e  minimum a l t i t u d e s  f o r  u n d e r s h o o t  are 

a b o v e  s u r f a c e  l e v e l  even  f o r  a s u r f a c e  p r e s s u r e  a s  low as 11 mb. 
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Atmospher ic  u n c e r t a i n t i e s  i n t r o d u c e  a more subtle e f f e c t  

i n  a v a i l a b l e  c o r r i d o r  d e p t h ,  however. S c a l e  h e i g h t ,  as wel l  

as s u r f a c e  p r e s s u r e ,  i n f l u e n c e s  t n e  a l t i t u d e  a t  which t h e  

c o r r i d o r  i s  p l a c e d .  Without  p r e c i s e  d e t e r m i n a t i o n  of these I 

parameters,  a n  a p p r o a c h i n g  v e h i c l e  would  be l i m i t e d  t o  t h a t  

c o r r i d o r  de f i r i ed  by t he  l o w e s t  o v e r s h o o t  boundary and t h e  

h i g h e s t  UnaershoGt boundary a p p r o p r i a t e  f o r  t h e  r a n g e  o f  

p o s t u l a t e d  a t m o s p h e r e s .  The  c u r v e  l a b e l e d  COTl?OSITE i n  

P i g u r e  5 r e p r e s e n t s  t h e  r e s u l t  of t h i s  c o n s i d e r a t i o n  a s  

i n f l u e n c e d  o n l y  by s c a l e  he ight  u n c e r t a i n t y  i n  t h e  r a n g e  

s p e c i f i e d ,  and shows t h a t  f o r  v e l o c i t i e s  above  3 lan/sec i n  

this c a s e ,  t he  a v a i l a b l e  c o r r i d o r  i s  d e c r e a s e d  r h p i c i l y  w i t h  

i n c r e a s i n g  v e l o c i t y  and v a n i s h e s  a t  about 10 .5  km/sec,  Con- 

s i d e r a t i o n  of a r a n g e  of p o s s i b l e  s u r f a c e  r ressures  would 
* *  

r e d u c e  t h e  c o r r i d o r  s t i l l  f u r t h e r .  Clearly a v a s t  improve- 

merit i n  o u r  knowledge of t h e  Xartian a t n o s p h e r e  i s  i m p o r t a n t  

I n  o r d e r  t h a t  t h e  f u l l  b e n e f i t s  a f f o r d e d  by a tmosphere  b r a k i n g  

c a n  be r e a l i z e d .  A s  f o r  e a r t h  e n t r y ,  i n c r e a s i n g  the l iL"t /drag 

r a t i o  and  p r o v i d i n g  l i f t  modu la t ion  c a p a b i l i t y  b o t h  i n c r e a s e  

t h e  a v a i l a b l e  e n t r y  c o r r i d o r  and ,  for r,Tars, r e d u c e  t h e  impac t  

of a t m o s p h e r i c  u n c e r t a i n t i e s .  

The p r o v i s i o n  of  l i f t i n g  c a p a b i l i t y  for h y p e r b o l i c  Flars 

e n t r y  v e h i c l e s  u t i l i z i n g  t h e  Nars O r b i t  nendezvous mode has 

a n  a d d i t i o n a l  b e n e f i t ,  t h a t  of p e r m i t t i n g  p l a n e  change d u r i n g  
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e n t r y .  Such a inaneuver would allow ;:rester f l e x i b i l i t y  i n  

iricominf; t r a j e c t o r y  parameters w h i l e  s t i l l  p e r n i t t i n g  p o s t -  

e r i t r y  o r b i t s  c o n s i s t e n t  w i th  p o s s i b l e  l a n d i n z  l o c a t i o n s  and 

s u b s e q u e n t  des i r ab le  liars escape t r a j e c t o r i e s .  This a s p e c t  

of  a t m o s p h e r e  b r a k i n g  a t  Mars was c o n s i d e r e d  by Nnpol in  anc! 

ifendez ( r e f .  l3), and F i g u r e  6 h e r e i n  d i s p l a y s  a repre-  

s e n t a t i v e  r e s u l t .  The p l a n e  change c a p a b i l i t y  f o r  a n  e n t r y  

v e l o c i t y  of 8 .4  kr;i/sec i s  p l o t t e d  a g a i n s t  l i f t - t o - d r a g  

r a t i o  w i t h  u n d e r s h o o t  d e f i n e d  by 5~ r e s u l t a n t  d e c e l e r a t i o n s  

and  o v e r s h o o t  by  m a i n t e n a n c e  o f  l e v e l  f l i g h t  w i t h  maximum 

n e g a t i v e  L/D (roll m o d u l a t i o n ) .  F o r  a n  L/D o f  1/2, a inodest 

p l a n e  change  o f  a b o u t  1 0  degrees i s  a f f o r d e d ,  b u t  f o r  I,/D 

-- o f  one ,  t h i s  c a p a b i l i t y  has i n c r e a s e d  t o  a b o u t  25 d e g r e e s ,  

p e r m i t t i n g  c o n s i d e r a b l e  f l e x i b i l i t y  i n  t r a j e c t o r y  s e l e c t i o n .  

The e n t r y  v e l o c i t i e s  f o r  a Yars e x c u r s i o n  module c a p a b l e  

of e n t r y  from a n  o r b i t i n g  p a r e n t  s p a c e c r a f t  a r e  c o n s i d e r a b l y  

l o w e r  t h a n  t h o s e  a p p r o p r i a t e  t o  h y p e r b o l i c  e n t r y .  One s t u d y  

of  s u c h  a v e h i c l e ,  desc r ibed  by Dixon ( re f ' .  14), h a s  

d e t e r m i n e d  t h a t  a h a l f - c o n e  v e h i c l e  w i t h  L/D of a b o u t  one 

i s  f eas ib l e  from a m o t i o n  and h e a t i n g  p o i n t  of  view,  w i t h  

the heat p r o t e c t i o n  a f f o r d e d  th rough  r e r a d i a t i o n .  The l i f t  

c a p a b i l i t y  of s u c h  a v e h i c l e  i s  p a r t i c u l a r l y  i m p o r t a n t  f o r  

l a t e r a l  r a n g e  c a p a b i l i t y .  
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E n t r y  f l i g h t  mechan ics ,  b e c a u s e  t h e y  a r e  n o t  s e n s i t i v e  

t o  a t m o s p h e r e  c o m p o s i t i o n ,  a r e  e x p e c t e d ,  f o r  Venus e n t r y ,  t o  

be  v e r y  much l i k e  t h o s e  a t  E a r t h .  F o r  b a l l i s t i c  p r o b e s ,  t h e  

m a j o r  p rob lems  a re  e x p e c t e d  t o  be t h o s e  r e l a t ed  t o  e n t r y  

h e a t i n g  a t  v e l o c i t i e s  g r e a t e r  t h a n  11 kin/sec i n  a p o s s i b l y  

d e n s e  a t m o s p h e r e  w i t h  a p r r e c i a b l e  c o n c e n t r a t i o n  of  CO2.  

FLOW FIELDS AEJD HEATING 

It has been  e s t ab l i shed  from o u r  c o n s i d e r a t i o n s  of f l i g h t  

m e c h a n i c s  a n d  m o t i o n  t ha t  r e l a t i v e l y  s l e n d e r  l i f t i n g  v e h i c l e s  

a r e  a p p r o p r i a t e  f o r  h y p e r b o l i c  e n t r y  a t  E a r t h  and  Mars f o r  

manned v e h i c l e s ,  and  t h a t  e x t r e m e l y  b l u n t  b a l l i s t i c  p r o b e s  

a p p e a r  t o  be r e q u i r e d  f o r  unmanned Mars l a n d e r s .  

summary of t h e  p rob lems  a n d  p r o g r e s s  i n  u n d e r s t a n d i n g  flow 

f i e l d s  and  h e a t i n g  of s u c h  v e h i c l e s  i s  now g i v e n .  Excep t  

where n o t e d ,  t h e  d i s c u s s i o n  i s  l i m i t e d  t o  a r e a c t i n g  g a s  

m i x t u r e  i n  c h e m i c a l  e q u i l i b r i u m  b e c a u s e ,  i n  g e n e r a l ,  non- 

e q u i l i b r i u m  e f f e c t s  on  r a d i a t i v e  a n d  c o n v e c t i v e  h e a t i n g  have  

b e e n  shown t o  be o f  less  o v e r - a l l  i m p o r t a n c e  (e..g., r e f .  1 5 ) .  

A b r i e f  

I n v i s c i d ,  A d i a b a t i c  Shock L a y e r  

A l though  f o r  ea r th  e n t r y  a t  v e l o c i t i e s  much above  p a r a -  

b o l i c  t h e  e f f e c t s  of shock  l a y e r  r a d i a t i o n  a n d  c o n d u c t i o n  a r e  

i m p o r t a n t  i n  t h e  d e t e r m i n a t i o n  of shock  l a y e r  s t r u c t u r e ,  i t  i s  
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i n s t r u c t i v e  t o  c o n s i d e r  the i n v i s c i d ,  a d i a b a t i c  shock  l a y e r  
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b o t h  f o r  d i r e c t  a p p l i c a t i o n  a t  lower v e l o c i t i e s  and f o r  

compar i son  w i t h  shock  l a y e r s  d e t e r m i n e d  i n c l u d i n g  t h e s e  

e n e r g y  t r a n s f e r  mechanisms a t  t h e  h i g h  v e l o c i t i e s .  S e i f f  

( r e f .  1 6 )  r e v i e w e d  t h e  s t a t u s  of flow f i e l d  a n a l y s i s  i n  1962. 

S i n c e  t h a t  t i m e ,  f u r t h e r  a d v a n c e s  have been  a c c o m p l i s h e d ,  

i n c l u d i n g  t h e  f u r t h e r  deve lopment  o f  two methods  which a p p e a r  

c a p a b l e  o f  a n a l y z i n g  t h e  f l o w  abou t  a b l u n t  n o s e  a t  l a r g e  

a n g l e  of a t t a c k .  The f i r s t  method,  a d i r e c t ,  e s s e n t i a l l y  

e x a c t  n u m e r i c a l  method,  a v o i d s  t h e  u s u a l  c o m p l e x i t y  of 

a t t e m p t i n g  t o  i n t e g r a t e  t h e  e l l i p t i c  e q u a t i o n s  i n  t h e  sub-  

s o n i c  p o r t i o n  of  t h e  f l o w  f i e l d  by  t r e a t i n g  t h e  problem as 

one i n  u n s t e a d y  a e r o d y n a m i c s .  The u n s t e a d y  e q u a t i o n s  a r e  

h y p e r b o l i c  w i t h  w e l l  d e f i n e d  i n i t i a l  c o n d i t i o n s  and c a n  be 

i n t e g r a t e d  t o  a r b i t r a r i l y  l a r g e  t i n e s  s u c h  t h a t  t h e  s t e a d y  

s t a t e  f l o w  i s  a p p r o a c h e d  as c l o s e l y  as d e s i r e d .  Such a method 

i s  t h a t  of Bohachevsky,  Rubin ,  and Mates ( r e f .  17). F u r t h e r  

deve lopmen t  of t h i s  a p p r o a c h  s h o u l d  make p o s s i b l e  t h e  t r e a t -  

ment o f  t h e  f l o w  a b o u t  a r b i t r a r y  b o d i e s  w i t h  r e a l i s t i c  h i g h  

t e m p e r a t u r e  gas p r o p e r t i e s .  

The second  method d i s c u s s e d  here i s  t h e  a p p r o x i m a t e  

method o f  Kaattari ( r e f .  1 8 )  i n  which mass f l o w  c o n t i n u i t y  

i n  t h e  s h o c k  l a y e r  and e m p i r i c a l  c o r r e l a t i o n s  were u s e d  t o  

d e f i n e  t h e  shock  s h a p e  a n d  shock  l aye r  p r o p e r t i e s  f o r  b l u n t  
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for flow of a n  i d e a l  gas o r  r e a c t i n g  &;as n i x t u i ? e s  a t  

e q u i l i b r i u m .  Some i r i t e r e s t i n g  r e s u l t s  were Z iven  b y  Katzen  

and  Kaat tar i  ( r e f .  19) and a r e  reproducec!  h e r e  as  F i g u r e s  

7 and 8 .  It  was d e t e r m i n e d  t h a t  s t a g n a t i o n  r , o in t  shock  

s t a n d - o f f  d i s t a n c e  for e q u i l i b r i u m  flow cou ld  b e  c o r r e l a t e d  I -  

as a f u n c t i o n  of  normal shock  d e n s i t y  r a t i o  for a f i x e d  

geomet ry .  The c u r v e s  o f  F i g u r e  7 show s u c h  c o r r e l a t i o n s  f o r  

s p h e r i c a l l y  b lu r i t ed  c y l i n d e r s  of v a r i o u s  nose  r a d i i  as 

d e r i v e d  by Ka tzen  and  Kaat tar i .  Also shown for a hemisphere-  

c y l i n d e r  i s  the  s t a n d - o f f  d i s t a n c e  c o r r e l a t i o n  d e r i v e d  b y  

Lomax and  Inouye  (ref. 2 0 )  by a n  i n v e r s e  method.  Agreement 
- 

-. of  t h e  two methods  i s  good. E x c e p t  for t h e  r e c e n t  work of 

Bohachevsky,  e t  a l . ,  t h i s  f a m i l y  o f  s h a p e s  ( o t h e r  t h a n  t h e  

h e m i s p h e r e - c y l i n d e r )  has n o t  been  amenable  t o  c a l c u l a t i o n  

b e f o r e .  

Shock s h a p e s  for a f la t - faced  c y l i n d e r  a t  a n g l e  of  a t t a c k  

a r e  shown i n  F i g u r e  8 ( a )  a n d  compared t o  e x p e r i n e n t a l  d a t a  

a t  30 degrees a n g l e  of a t t a c k  for a d e n s i t y  r a t i o  of 0.25, 

P r e s s u r e  d i s t r i b u t i o n  f o r  t h e  same s h a y e  i s  conpa red  t o  

e x p e r i m e n t  a t  20 degrees  a n g l e  of a t t a c k  i n  Fi6;w-e 8 ( b ) .  I n  

b o t h  cases ,  ag reemen t  between expe r imen t  and p r e d i c t i o n  i s  

e x t r e m e l y  good, and  t h i s  method s h o u l d  p r o v e  extrer : ie ly  

v e r s a t i l e .  I t  has also been  ex tended  s u c c e s s f u l l y  t o  t he  
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c a 1 c u l a  t i o 1-1 of s t a nci- of' f d I s t ar. c e for no n e  1 ii i 1 i 1) r i urn f' 1 ox s 

and  for flows w i t h  gases i n j e c t e d  i n t o  the shock  l a y e r  

( r e f .  19). 

C o n v e c t i v e  Heat Transfer 

Any d i s c u s s i o n  o f  t h e  l a m i n a r  heat  t r a n s f e r  i n  a i r  a t  

h y p e r b o l i c  v e l o c i t i e s  n u s t  b e g i n  w i t h  c o r l s i d e r a t i o n  of t h e  

t r a n s p o r t  p r o p e r t i e s  of  i o n i z e d  air. P r e d i c t i o n s  of stak;na- 

t i o n  p o i n t  heat t r a n s f e r  t o  d a t e  have been  based on t r r i n s r o r t  

p r o p e r t i e s  p r e d i c t e d  b y  s i m r , l i f i c a t i o n s  of  t h e  Chapman- 

Bnskog f o r m u l a t i o n  (see r e f s .  2 1  and 2 2 ) .  T y p i c a l  of s u c h  

c a l c u l a t i o n s  are  t h o s e  o f  r e f .  23 based upon t h e  t r a n s p o r t  

p r o p e r t i e s  of  iianseri ( r e f .  2 4 )  . Wiile  ag reemen t  between heat 

t r a n s f e r  p r e d i c t i o n  and expe r imen t  has been  s a t i s f a c t o r y  u p  t o  

e q u i v a l e n t  f l i g h t  v e l o c i t i e s  o f  abou t  15 km/sec, c o r r e s p o n d i n g  

t o  a b o u t  50 p e r c e n t  i o n i z a t i o n  of a i r ,  w e  r e a l i z e  now t h a t  

t h i s  i s  a r e s u l t  of t h e  r e l a t i v e  i n s e n s i t i v i t y  of s u r f a c e  heat 

t r a n s f e r  r a t e  t o  thermal c o n d u c t i v i t y  o u t s i d e  t h e  boundary  

l a y e r .  F i g u r e  9 ,  a p l o t  of  t o t a l  thermal c o n d u c t i v i t y  as a 

f u n c t i o n  of t e m p e r a t u r e ,  was u s e d  by A h t y e  ( r e f ,  22 )  t o  

d e m o n s t r a t e  t h e  i n a b i l i t y  o f  t h e  s i m p l i f i e d  t h e o r y  t o  p r e d i c t  

t h e  e x p e r i m e n t a l l y  o b s e r v e d  v a l u e s  of TIaecker ( r e f .  2 5 )  for 

n i t r o g e n  when i o n i z a t i o n  becomes i m p o r t a n t .  

u t i l i z e d  t h e  r i g o r o u s  second  o r d e r  t h e o r y  f o r  p a r t i a l l y  i o n i z e d  

A h t y e  has 
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a r s o n  i n  r e f e r e n c e s  2 1  and 22 ,  a r i d  t h e s e  r e s u l t s  should ;I;ive 

some i n d i c a t i o n  of the i m p o r t a n c e  o f  t h e  p r e v i o u s l y  ne iy lec ted  

e f f e c t s  i n  more coxiplex F a s e s .  Bn example of t h i s  e f f e c t  i s  

z i v e n  i n  ? i g u r e  1 0 ,  w h e r e i n  t h e  t r a n s l a t i o n a l  t h e r m 1  con- 

d u c t i v i t y  i s  p l o t t e d  as a f u n c t i o n  of t enpe ra tu re ,  a t  a 

p re s su re  of 10-1 a t m ,  f o r  b o t h  t h e  s i n p l i f i e c i  and more 

r i g o r o u s  second  o r d e r  t h e o r i e s .  T h e  l a t t e r  v a l u e s  a r e  

I C' Trea te r  by some 30 t o  50 p e r c e n t  when i o n i z s t i o n  i s  a p p r e c i a b l e .  

I Heat t r a n s f e r  f o r  e q u i l i b r i u m  m i x t u r e s  ciepencs upon 

r e a c t i v e  and  t h e r m a l  d i f f u s i v e  components o f  c o n d u c t i v i t y ,  

I as well as on t h e  t r a n s l a t i o n a l  cornponent. The f i r s t  two 

components  are  d e p e n d e n t  upon mult i -component  and  the rma l  

- d i f f u s i o n  c o e f f i c i e n t s .  These c o e f f i c i e n t s  have  been  c a l c u -  

l a t e d  f o r  p a r t i a l l y  i o n i z e d  argon by AUitye ( r e f .  2 2 ) .  

However, t h e  r e a c t i v e  and thermal d i f f u s i v e  components del.enc: 
I , a l s o  uFon m a c r o s c o p i c  c o n c e n t r a t i o n  g r a d i e n t s  f o r  i o n s  and  

e l e c t r o n s  and  t h e  c h a r g e - s e p a r a t i o n  f i e l d  which mag a f f e c t  

t hese  g r a d i e n t s .  

and t h u s  the a c c u r a t e  p r e d i c t i o n  of  c o n v e c t i v e  heat  t r a n s f e r  

These e f f e c t s  have n o t  y e t  been  d e t e r m i n e d ,  
l 

i n  h i g h l y  i o n i z e d  gases i s  n o t  y e t  p o s s i b l e .  

Some i n d i c a t i o n  of  how i m p o r t a n t  a n  o r d e r  o f  magni tuue  

change  i n  t o t a l  thermal c o n d u c t i v i t y  mich t  be  t o  c o n v e c t i v e  

heat t r a n s f e r  i n  a i r  i s  g i v e n  b y  F i g u r e s  11 and 1 2 ,  f rom Howe 

and  S h e a f f e r  ( r e f .  2 6 ) .  Y igure  11 shows assumed t h e r n a l  
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c o n d u c t i v i t y  cur7 3s ( a n d  "le k e r ' s  d a t a )  as  h f u n c t i o n  of 

te i i ipera ture .  Curve I i s  the p r e d i c t i o n  of Yos (ref. 27) 

which f i t s  t h e  da t a  q u i t e  well  u n t i l  i o n i z a t i o n  becornes 

i n p o r t a n t ;  c u r v e  I1 c o r r e s p o n d s  t o  a n  a r b i t r a r y  i n c r e a s e  o f  

r o u g h l y  a n  o r d e r  of magn i tude  o v e r  Yos' c u r v e  i n  t h e  r e e i o n  

of i m p o r t a n t  i o n i z a t i o n ;  and c u r v e  I11 a p p r o x i m a t e s  t h e  p r e -  

d i c t i o n  of IIansen up  t o  15,0OO0K and t h e n  i s  f a i r e d  i n t o  the  

Yos c u r v e .  S t a g n a t i o n  p o i n t  h e a t i n g  r a t e s  were c a l c u l a t e d  by 

Howe and Sheaffer f o r  each of' t hese  assumeci c o n d u c t i v i t y  

f u n c t i o n s  and  t h e  r e s u l t s  are shovn i n  F i c u r e  1 2 .  f l l thouLh 

these  v a l u e s  were  c a l c u l a t e d  f o r  a v i s c o 6 s ,  c o n d u c t i n g  shock  

l a y e r  w i t h  r a d i a t i o n  t ransfer ,  t h e  Reynolds  numbers a r e  suffi- 

. c i e n t l y  h i g h  and  t h e  r a d i a n t  t r a n s f e r  s u f f i c i e n t l y  low t h a t  the 

r e s u l t s  c o r r e s p o n d  c l o s e l y  t o  a n o r e  c l a s s i c a l  boundary  l a y e r  

c a l c u l a t i o n .  I t  i s  e v i d e n t  t h a t  t h e  o r d e r  o f  n a e n i t u d e  d i f -  

f e r e n c e  i n  c o n d u c t i v i t y  a p p e a r s  as o n l y  a f a c t o r  of two i n  

heat t r ans fe r  r a t e  a t  t h e  h i g h e s t  e n t h a l p y  l e v e l  shown, and 

t h e n  o n l y  f o r  e q u i v a l e n t  v e l o c i t i e s  greater  t h a n  a b o u t  20 k d s e c .  

Shown a l s o  i s  t h e  p r e d i c t i o n  of  Howe and Viegas ( r e f .  28)  

w h e r e i n  Hansen ' s  p r o p e r t i e s  ( t o  l 5 , O O O O K )  were u s e d .  If 

t h i s  i s  e x t r a p o l a t e d  l i n e a r l y  t o  h i g h e r  v e l o c i t y ,  i t  l i e s  

r o u g h l y  ha l fway  be tween t h e  two ex t r emes  shown. Eecause  

e x p e r i m e n t s  have  been  l i m i t e d  t o  c o n d i t i o n s  c o r r e s p o n d i n g  t o  

a maximum of  a b o u t  15 km/sec, t h e  r e a s o n  t h a t  no d i s c r e p a n c i e s  

between e x p e r i m e n t  and  t h e o r y  have been  n o t e d ,  even  w i t h  



50 p e r c e n t  i o n i z a t i o n ,  i s  t h e  r e l a t i v e  i n s e n s i t i v i t y  of 

heat t r a n s f e r  t o  thermal c o n d u c t i v i t y  e x t e r n a l  t o  t h e  

boundary l a y e r  f o r  t h e s e  v e l o c i t i e s .  I t  i s  e v i d e n t  t h a t ,  

s h o u l d  t he  second  o r d e r  t o t a l  c o n d u c t i v i t y  p r e d i c t i o n s ,  

wher, e s t a b l i s h e d ,  show even  a n  o r d e r  o f  magn i tude  i n c r e a s e  

o v e r  the c u r r e n t  a p p r o x i m a t i o n s  above l O , O 0 O o K ,  e x r e r i m e n t s  

a t  e q u i v a l e n t  v e l o c i t i e s  greater  t h a n  20 km/sec w i l l  b e  

r e a u i r e d  t o  c o n f i r m  t h e  e f f e c t  upon heat t r a n s f e r  r a t e .  

N e v e r t h e l e s s ,  s u c h  v e l o c i t i e s  a r e  a t  t h e  u p p e r  end o f  t h o s e  

a p p r o p r i a t e  f o r  d i r e c t  r e t u r n  from Yars, and t h e s e  e f f e c t s  

nay w e l l  have  a n  i m p o r t a n t  i n f l u e n c e  on v e h i c l e  s e l e c t i o n  

and  d e s i g n .  

The  r e l a t i v e  i n s e n s i t i v i t y  of heat  t r a n s f e r  t o  h ig f i  

t e m p e r a t u r e  gas p r o p e r t i e s  f o r  r e l a t i v e l y  c o l d  xa l l s  was 

shown by I l a r v i n  ( r e f .  2 9 )  f o r  v a r i o u s  o t h e r  p u r e  i;.ases a t  

v e l o c i t i e s  up  t o  a b o u t  1 0  km/sec. It was found t h a t  a 

s i n g l e  c o r r e l a t i o n  c o u l d  b e  e s t a b l i s h e d  f o r  a l l  t h e  gases 

c o n s i d e r e d  ( C 0 2 ,  A i r ,  N2, H2, A )  i n  terms of low temperature  

t r a n s p o r t  p r o p e r t i e s .  These resu l t s  a re  shown i n  F i p r e  1 3 ,  

w h e r e i n  a l l  t h e  n u m e r i c a l  r e s u l t s  a r e  w i t h i n  216 p e r c e n t  of  

t h e  c o r r e l a t i o n  f u n c t i o n .  P l o t t e d  i s  a c o n v e c t i v e  heat 

t r a n s f e r  p a r a m e t e r  a g a i n s t  e n t h a l p y  r a t i o .  i s  t h e  r a t i o  

of d e n s i t y - v i s c o s i t y  p r o d u c t  a t  t h e  o n s e t  of  d i s s o c i a t i o n  (or 

i o n i z a t i o n  i n  t h e  case of  a r g o n )  t o  t h a t  a t  t h e  wall, h3 i s  



t c t a l  e n t h a i F y  LO t!ir-,t  c u t s i c i c ?  t h e  bOiincia.r*:; i a ; Je r ,  :~;hrvir, 

a l s o  fouriti t h a t  t he  ia . i j i i r iar  heatifit: r a t e  (Aist ,r i l) i l t ior- ,  t o  

b l u r i t  b o d i e s  , as c a l c u l a t e d  f r o m  l o c a l  sirnilarl-t : ,7 r r i r ic2r : les  , 
v:as l i t t l e  a f f e c t e u  b y  coriipositiofi, and, as i 'or a i r ,  c a n  b e  

o h t a i n e d  w i t h  re?Lsoriati lc a c c u r a c y  f r o x  t h e  i n v i s c i d  i'low 

z l o n e  s o  l o n g  as t n e  p re s su re  Zrac i ien ts  are not t o o  1arC:e 

( r e f .  3 0 )  and fror:i i d e a l  gas boundary layer  s o l u t i o n s  vhen 

p r e s s u r e  g r a d i e n t s  a r e  ISgh ( r e f .  31). 

U n f o r t u n a t e l y ,  o u r  u n d e r s t a n d i n z  of  t r a n s i t i o n  anti t u r b u -  

l e n t  heat  t r a n s f e r  a t  r e e n t r y  v e l o c i t i e s  h a s  riot advanced  t o  

t h e  same degree as has t h a t  f o r  l a n i n a r  flow i n  t h e  p a s t  few 

years .  The  mechanisrA,s l e a d i n c  t o  t r a n s i t i o n  are n o t  we l l  

d e f i r i e u  and  hence  t h e o r e t i c a l  p r e d i c t i o n s  c a n  n o t  b e  del ' ivet i .  

_. 

FGIipir ical  t r a n s i t i o n  c r i t e r i a  have been  d e r i v e d  frto:n low 

v e l o c i t y  ground f a c i l i t y  znd small s c a l e  f l i T h t  c x r e r i i n e n t s ,  

b u t  how t h e y  c a n  b e  e x t r a p o l a t e d  t o  f l i f ' h t  c o n d i t i o n s  a t  

m o d e r a t e  t o  h i g h  l o c a l  rlach numbers, sinal1 ratios of rcihll t o  

t o t a l  e n t h a l p y ,  and i n  t h e  p r e s e n c e  o f  a b l a t i o n ,  has n o t  y e t  

been  w e l l  e s t ab l i shed .  Yuch the same s i t u a t i o n  h o l d s  for 

t u r b u l e n t  flow a t  r e e n t r y  f l i g h t  c o n d i t i o n s .  T u r b u l e n t  s k i n  

f r i c t i o n  and h e a t i n g  p r e d i c t i o n s  a r e  also b a s e d  upofi 

r e l a t i v e l y  low v e l o c i t y  data  w i t h  c o r r e c t i o n s  f'or h i g h  

t e m p e r a t u r e s ,  e n t h a l p y  r a t i o s ,  and Tlach number t h r o u g h  a 

v a r i e t y  of e s t i m a t i o n  t e c h n i q u e s  ( s e e  r e f s .  3 2  a n d  3 3 ) .  One 

c a n  show t h a t  a r e q u i r e m e n t  f o r  a s i g n i f i c a n t  i n c r e a s e  i n  

24 
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o u r  a b i l i t y  t o  p r e a i c t  t t iar .Sit iGE and t L t r b L l e r i t  f l c r :  phencnen;l 

e x i s t s  f G r  t h e  h y y \ e r b o l i c  l i f t i n g  entry v e h i c l e s  dpprcp r : a t e  

for f u t u r e  n i s s i o r x .  770r example, t y p i c a l  bourxiary t r a j e c -  

t o r i e s  for ear th  e n t r y  a t  v e l o c i t i e s  a p p r o p r i a t e  t o  - r e t u r n  

fron ‘“ars &re snowfi cri a n  a l t i t u d e - v e l o c i t y  p l o t  on ?i’;dre 1 4 .  

The v e h i c l e  i s  a s s u n e d  t o  have a xaximur,i L/D of one w i t h  

n o c i u l a t i o n  

of 49 gn/cnL, and  e n t e r s  a t  a v e l o c i t y  of 15 .2  km/sec.  P l o t t e 2  

a l s o  are  lines of c o n s t a n t  free-strezm Reynolds  nunber  based 

on a l e n c t h  of  1 0  n e t e r s ,  t y p i c a l  of t h e  o v e r - a l l  l e r & t h  of  

conte : r ,p la ted  v e h i c l e s .  The  v e h i c l e  ~ o u l d  e x p e r i e n c e  maxixurn 

free-stream Reynolds  n u n b e r s  of abou t  3x10‘ based upon v e h i c l e  

l e n g t h  d u r i n g  t h e  u n d e r s h o o t  t r a j e c t o r y ;  l o c a l  R e y n o l d s  

numbers. based upon c o n d i t i o n s  o u t s i d e  t h e  boundary l a y e r  anci 

by  roll c o n t r o l ,  a b a l l i s t i c  p a r m e t e r  ( n / ~ $ )  - 

t h e  l e n g t h  of  t h e  v e h i c l e  would b e  r o u g h l y  a n  o r d e r  of rflagni- 

t u d e  l o w e r ,  or of  t h e  o r d e r  o f  105. 

upon l o c a l  c o n d i t i o n s  and l a m i n a r  momentum t h i c k n e s s  vou ld  b e  

r o u g h l y  500.  Each of  these  v a l u e s  i s  s u f f i c i e n t l y  l a r g e  t h a t  

t r a n s i t i o n  must  b e  c o n s i d e r e d  a d i s t i n c t  y o s s i b i l i t y ,  

p a r t i c u l a r l y  i n  t h e  p r e s e n c e  of t h e  mass t r a n s f e r  anci s u r f a c e  

r o u g h n e s s  a s s o c i a t e d  w i t h  a b l a t i o n .  

Reynolds  numbers based 

R a d i a t i v e  H e a t i n g  

I t  has becoine a p p a r e n t  i n  t h e  p a s t  few years  t h a t  as con- 

t e m p l a t e d  e n t r y  v e l o c i t i e s  were i n c r e a s e d  above  p a r a b o l i c  e s c a p e  
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si e c d  a t  Earth, tile c o n t r i b u t i o n  of  racj ia t ive eneri:y t r a n s f e r  

f r o x  t he  l lot  shock  l a y e r  ~ ~ ~ o u l d  have t o  b e  c o n s i u e r e d  i n  

v e n i c l e  d e s i g n  a l o n g  w i t h  t h a t  from c o n d u c t i o n  i n  t h e  boundary 

l a y e r .  I n  f a c t ,  for v e r y  blLint v e h i c l e s  ( a s  a p p r o p r i a t e  t o  

s a t e l l i t e  r e e n t r y  and l u n a r  r e t u r n )  t h e  r a d i a t i v e  i n p u t  

would d o m i n a t e  even  f o r  v e l o c i t i e s  a t  t h e  lower  entl of  t h e  

l a r s  r e t u r n  ve1oci t : r  s y e c t r u n .  D e t a i l e d  c o n s i d c r z t i o n  of ”l 

bothmechanisrns  of ene rqy  t r a n s p o r t  has l e d  t o  t h e  c o n c e p t  of 

irlore s l e n d e r  v e h i c l e s  t o  c o x p e n s a t e  Tor the  p o t e n t i a l l y  

uo:liirisnt r a d i a t i v e  t r a n s f e r ;  t h e s e  \ r i l l  b e  d e s c r i b e d  i n  a 

s u b s e q u e n t  s e c t i o n .  I n  t h i s  s e c t i o n ,  sone r e c e n t  r a d i a t i v e  

research r e s u l t s  w i l l  be b r i e f l y  u i s c u s s e u .  

Ti” I:e r i n c i p a l  r a d i a t o r s  and  the  c o r r e s p o n d i r i i  r a d i a t i v e  

i n t e n s i t i e s  f o r  high t e n i p e r a t u r e  a i r  and  gases thoug,ht t o  he 

r e p r e s e n t a t i v e  of  t h e  a t n o s p h e r e s  o f  I‘ars ar,d Venus a r e  

r e a s o n a b l y  w e l l  e s t ab l i shed  f o r  c o n d i t i o n s  c o r r e s y o n d i n r  t o  

v e l o c i t i e s  uy  t o  approxii;i&teljT 3 kin/sec. I r i  t h i s  f l i g h t  

rek:irne, t h e  dominant  r a u i a t i o n  s o u r c e s  a re  n o l e c u l e s  u n d e r z o i n g  

r a d i a t i v e  t r a n s i t i o n s  fro:; e x c i t e d  s t a t e s  t o  s t a t e s  of  lcjwer 

enerc ,y .  Some r e c e n t  da ta  o b t a i n e d  i n  a f r e e  f l i g h t  f a c i l i t y  

by  A r n o l d ,  lieis, and  ‘,t’oodward ( r e f .  3 4 )  f o r  m i x t u r e s  of CO2 

and 112 a r e  sliown i n  F i c u r e  15. 

flow f i e l a s  i n  c h e m l c a l  e a u i l i b r i u n  and the e i i i i s s ion  is  s e e n  

t o  c o r r e l a t e  w i t h  a f u n c t i o n  of d e n s i t y  and  v e l o c i t y  i n  r:luch 

the same rnanrier a s  cioes t h a t  for d i s s o c i a t e d  air. Shown a l s o  

These  u a t a  a re  a p p r o p r i a t e  f o r  
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i s  t h e  p r e d i c t i o n  f o r  air of K i v e l  and B a i l e y  ( r e f .  35)  aric! i t  

i s  a p p a r e n t  t h a t  a t  the  lower  v e l o c i t i e s  r a c i i a t i o n  f r o m  t h e  

C02-;J2 m i x t u r e  e x c e e d s  t h a t  f o r  a i r  b y  as  rr,ucn a s  an  o r d e r  

of m a g n i t u d e ,  T h i s  e f f e c t  i s  a t t r i b u t e d  t o  t h e  r a d i a t i o n  

i'ror'i tlle CJJ-violet band s y s t e m  which  do:nir;ates t h e  e m i s s i o n  

f a r  t h e  former case.  O t h e r  shock  t u b e  and f r e e  f l i f i h t  d a t a  

&nu p r e d i c t i o n s  ( r e f s .  36, 37 a n d  38 )  are shown i n  the  

fi,:ilrt7 as i n d i c a t e d .  At v e l o c i t i e s  above  a b o u t  1 0  km/sec, 

r s d i a t i o n  r e s u l t i n g  from r e c o n b i n a t i o n  of  i o n s  and e l e c t r o n s ,  

b r e r n s s t r a l l u n g ,  a n u  a toni ic  l i n e  r a d i a t i o n  becone  t h e  dominant  

f a c t o r s ,  and  i n  this r e g i o n  t he  CO2-rJ2 n i x t u r e s  and a i r  behave  

i n  a s i n i l a r  r ianner .  T h i s  i s  e x p e c t e d  s i n c e  f e b :  m o l e c u l e s  

e x i s t  a t  t h e  c c r r e s p o n d i n g l y  h i g h  t e m p e r a t u r e s  ( a b o u t  1 0 , O O O ° K  

and  a b o v e ) .  

Iiot p r o p e r l y  a c c o u n t e d  for i n  t h i s  work i s  t h e  i n c r e a s -  

i n g l y  i m p o r t a n t  c o n t r i b u t i o n  t o  t h e  cont inuum r a d i a t i o n  of 

s o u r c e s  a t  w a v e l e n g t h s  s h o r t e r  t h a n  2000 A f o r  a i r  and cc2-:J2 

m i x t u r e s ,  Recent work by Bibernian, e t  a l . ,  ( re f .  391, 

Nardone,  e t  a l . ,  ( r e f .  4 0 )  and Hahne ( r e f ,  4 1 )  h a s  d e m o n s t r a t e d  

0 

the  i m p o r t a n c e  of this r e g i o n  of t h e  s p e c t r u m  f o r  v e l o c i t i e s  

nuch  a b o v e  1 0  km/sec. T h e  i n t e n s i t y  of t h i s  r a d i a t i o n  i s  

s u c h  t h a t  t h e  r a c i i a t i n g  gas l a y e r  must  be  t r e a t e d  as  s c l f -  

a b s o r b i n g  f o r  t hese  w a v e l e n g t h s ,  c o m p l i c a t i n g  t h e  h e r e t o f o r e  

c o n c e p t u a l l y  s i m p l e  s c a l i n g  r e l a t i o n s .  The impact  o f  t h i s  

r e c e n t  work i s  g e t  t o  be f u l l y  d e t e r m i n e d .  



2 8  
Although t h e  s i n p l e  model  o f  a n  a d i a b a t i c ,  o p t i c a l l y -  

t h i n  shock  l a y e r  has been  g e n e r a l l y  a p p r o y r i z t e  for t h e  

c a l c u l a t i o n  of  r a d i a t i o n  heat  t r a n s f e r  t o  v e h i c l e s  o f  

m o d e r a t e  s i z e  e n t e r i n g  p l a n e t a r y  atrr iospneres  a t  v e l o c i t i e s  

ui, t o  a b o u t  15 kn / sec  ( p r o v i d e d  t h e  vacuum u l t r a v i o l e t  

c o n t r i b u t i o n  i s  n o t  c o n s i d e r e d ) ,  h i g h e r  v e l o c i t y  a p p l i c a t i o n s  

I r e o u i r e  tha t  the e f f e c t s  of e n e r g y  t r a n s f e r ,  b o t h  b y  r a d i a t i o n  
l 

and c o n d u c t i o n ,  b e  c o n s i d e r e d  i n  d e t e r m i n i n g  t h e  shock  l aye r .  

h i l s o n  and I I o s h i z a k i  c o n s i d e r e d  t h e  e f f e c t  o f  l a r g e  r a d i a t i o n  

trarisfer upon t h e  i n v i s c i d  flow f i e l d  o f  hemisphere-shaped  

b o d i e s  b y  a n  i L t e g r a l  method ( r e f .  421, and d e t e r m i n e d  t h e  

r e s u l t i n g  r a d i a t i o n  r e l a t i v e  t o  t h a t  f o r  a n  assumed a d i i i b e t i c  

s h o c k  l a y e r .  The g a s  was c o n s i d e r e d  o p t i c a l l y  t h i n .  ? o r  

t he  s t a g n a t i o n  p o i n t  flow, t h e  r a d i a t i o n  was found t o  d e c r e a s e  

s i g n i f i c a n t l y  when t h e  e n e r g y  radiated from a mass of gas 

t r a v e r s i n g  t h e  s t a g n a t i o n  r e g i o n  (as  c a l c u l a t e d  f o r  a d i a b e t i c  

flow) became as l a r g e  as  t h e  o rde r  of  1 / 1 0  o f  i t s  i n i t i a l  

t o t a l  e n e r g y .  T h i s  i s  shown i n  F i g u r e  1 6 .  P l o t t e d  i s  t h e  

r a t i o  of r a d i a t i o n  t r a n s f e r  f o r  t h e  n o n - a d i a b a t i c  c a s e  t o  

, -- 

I t h a t  f o r  a d i a b a t i c  f l o w  as a f u n c t i o n  o f  a n  ene rgy  loss 

parameter, d e f i n e d  as t h e  r a t i o  of  r a d i a t i o n  e m i t t e d  f o r  

a d i a b a t i c  c o n d i t i o n s  t o  t o t a l  flow e n e r g y .  The r a d i a n t  heat  

t r a n s f e r  d i s t r i b u t i o n  a b o u t  t h e  h e m i s p h e r e  was found  t o  b e  

e s s e n t i a l l y  t h e  same as f o r  t h e  a d i a b a t i c  c a s e ,  i f  p l o t t e d  i n  

terms o f  t h e  r a t i o  of l o c a l  t o  c o r r e s p o n d i n g  s t a g n a t i o n  v a l u e .  



Both Howe and  V i e g a s  ( r e f .  28) and  I I o s h i z a k i  and 

' d i l s o n  ( r e f .  43 )  a n a l y z e d  t h e  r a d i a t i n g  v i s c o u s  shock  layer.  

I n  the  f o r m e r ,  o n l y  t h e  s t a g n a t i o n  r e g i o n  was c o n s i d e r e d  

for a g r e y  g a s .  I t  was found t h a t  t h e  c o n v e c t i v e  heat 

t r a n s f e r  was s i g n i f i c a n t l y  r educed  f o r  c a s e s  where r a d i a n t  

heat t r a n s f e r  c a u s e d  t h e  e n t h a l p y  o u t s i d e  t h e  euge o f  t h e  

v i s c o u s  l a y e r  t o  b e  r e d u c e d ,  a l t h o u g h  a s i r q l e  c o r r e l a t i o n  i n  

t h e s e  t e r m s  was n o t  p o s s i b l e .  These  r e s u l t s  a re  p l o t t e d  i n  

7 i G u r e  1 7  a t  one a t m o s p h e r e  p r e s s u r e  and f o r  v a r i o u s  n o s e  

r a d i i .  Because  o f  t h e  r e l a t i v e l y  s t r o n g  dependence  o f  rad ia-  

t i o n  upon gas d e n s i t y ,  t h e  d e c r e a s e  i n  t h e  c o n v e c t i v e  heat ing 

parameter would b e  g rea te r  f o r  h i g h e r  p r e s s u r e s .  The  e f f e c t  
. 

.) o f  r a d i a t i o n  c o o l i n g  on t h e  r a d i a n t  heat t r a n s f e r  i t s e l f  was 

found  t o  b e  e s s e n t i a l l y  i n d e p e n d e n t  of  t h e  i n c l u s i o n  of  heat  

c o n d u c t i o n  (for t h e  Reynolds  nunbe r s  c o n s i d e r e d ) ,  and  t h e  

r e s u l t s  a r e  i n  ag reemen t  w i t h  t h o s e  o f  Y!ilson ar,d H o s h i z a k i ,  

as shown i n  F i z u r e  1 6 .  

H o s h i z a k i  and  Wi l son  ( r e f ,  43 )  r e t a i n e d  t h e  o p t i c a l l y  

t h i n  a s s u m p t i o n  i n  e x t e n d i n g  t h e  i n t e g r a l  niethoa t o  t h e  

v i s c o u s  shock  l a y e r .  Two d i f f e r e n t  estimates of  the  ernis- 

s i v i t y  o f  a i r  were u s e d ,  one c o r r e s p o n d i n g  t o  t h e  estirnates 

of P l e y e r o t t ,  e t  a l .  (ref. 4 4 ) ,  and  t h e  o t h e r  t o  t h e  somewhat 

h i g h e r  estimates o f  K i v e l  a n d  B a i l e y  ( r e f .  3 5 ) .  F o r  t h e  

s t a g n a t i o n  p o i n t ,  t h e  r e s u l t s  were found t o  be i n  g e n e r a l  

29 

a g r e e m e n t  w i t h  t h o s e  o f  IIorJe and Viegas. D i s t r i b u t i o n  o f  



b o t h  c o n v e c t i v e  and  r a d i a t i v e  hea t  t r a n s f e r  r a t e s  a b o u t  a 

hein isphere  were a g a i n  found  t o  b e  r o u g h l y  i n d e p e n d e n t  of t h e  

l e v e l  of  r a d i a t i o n ,  p r o v i d e d  they  were p l o t t e d  i n  terms of 

t h e  r a t i o  o f  l o c a l  t o  c o r r e s p o n d i n g  s t a g n a t i o n  p o i n t  v a l u e s .  

These  resul ts  a r e  shown i n  F i g u r e s  1 8 h )  a n d  1 8 ( b ) .  Note ,  

however ,  t h a t  t h e  l e v e l  o f  h e a t i n g ,  b o t h  c o n v e c t i v e  and  

r a d i a t i v e ,  depended  upon t h e  magn i tude  o f  t h e  r a d i a t i o n  

t r a n s f e r .  

The i n f l u e n c e  o f  t h e  i n t e n s e  r a d i a t i o n  i n  t h e  vacuum 

u l t r a v i o l e t  upon these r e s u l t s  must  now b e  d e t e r m i n e d .  One 

c a n n o t  s a y  a p r i o r i  t h a t  t h e  s t a g n a t i o n  p o i n t  c o r r e l a t i o n  of  

F i g u r e  16  and  t h e  i n v a r i a n c e  o f  d i s t r i b u t i o n  w i t h  r a d i a t i o n  

c c c l i n g  level, as s h ~ x n  i n  Figures  18(a) and 1 8 ( b ) ,  will 

r e m a i n  unchanged b e c a u s e  s e l f - a b s o r p t i o n  o f  t h e  UV r a d i a t i o n  

.. 

w i l l  t e n d  t o  i n f l u e n c e  t h e  c o n v e c t i v e  heat t r a n s f e r  t h r o u g h  

h e z t i n g  of t h e  gas a d j a c e n t  t o  t h e  s u r f a c e ,  and t h e  i n f l u e n c e  

!nay h e  a f u n c t i o n  of  l o c a l  c o n d i t i o n s  on t h e  body. 

s h o u l d  be  a f r u i t f u l  area of i n v e s t i g a t i o n .  

T h i s  
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T h e  p e r f o r m a n c e  o f  heat p r o t e c t i o n  s y s t e m s ,  whether 

o p e r a t i n g  b y  a b l a t i o n ,  r e r a d i a t i o n ,  t r a n s p i r a t i o n ,  f i l m  

c o o l i n g ,  o r  s imply  by  e n e r g y  s t o r a g e ,  must  be  d e t e r m i n e d  a l o n g  



I 
w i t h  t he  flow f i e l d  and  e n e r g y  t ransfer  c h a r a c t e r i s t i c s  

e x t e r n a l  t o  t h e  v e h i c l e  i n  o r d e r  t ha t  e f f i c i e n t  v e h i c l e  

c o n c e p t s  be d e r i v e d .  Reradiat ive s y s t e m s  are a p p r o p r i a t e ,  

w i t h  t h e  p r e s e n t  h i g h  t e m p e r a t u r e  materials t e c h n o l o g y ,  t o  

t h e  low l e v e l s  of h e a t i n g  s u s t a i n e d  o v e r  long u u r a t i o n s ,  

s u c h  as f o r  l i f t i n g  v e h i c l e s  ( L / D " N  2 o r  more) e n t e r i n g  

tile E a r t h ' s  a t m o s p h e r e  a t  s a t e l l i t e  v e l o c i t y .  F o r  h i g h e r  

v e l o c i t i e s ,  o r  when h e a t i n g  p u l s e s  a re  o f  l a r g e  ik iagni tude  

a n d  s h o r t  d u r a t i o n ,  a b l a t i o n ,  t r a n s p i r a t i o n ,  o r  f i l m  coo l -  

i n g  s y s t e m s  a re  more a p p r o p r i a t e ,  w i t h  a b l a t i o n  h a v i n g  

been  u s e d  a l m o s t  e x c l u s i v e l y  i n  r e c e n t  years .  The i n e f f i -  

- c i e n t  hea t  s i n k  t y p e  o f  s y s t e m  is g e n e r a l l y  n o t  c o m p e t i t i v e  

e x c e p t  p e r h a p s  f o r  s p e c i a l  a p p l i c a t i o n s .  
-. Heat p r o t e c t i o n  s y s t e m  pe r fo rmance  p e r  s e  w i l l  n o t  b e  

d i s c u s s e d  here i n  any d e t a i l ;  r a the r ,  some s i m p l e  rnodels of 

a b l a t i o n  w i l l  b e  u s e d  t o  d e m o n s t r a t e  t h e  i m p o r t a n c e  of t h e  

c o n v e c t i v e  and r a d i a t i v e  h e a t i n g  i n p u t s  upon v e h i c l e  c o n f i g u r a -  

t i o n  f o r  s u p e r - s a t e l l i t e  e n t r y  v e l o c i t i e s  a t  E a r t h .  

The a p p a r e n t  dominance of r a d i a t i v e  h e a t i n g  o v e r  

c o n v e c t i v e  h e a t i n g  for b l u n t  b o d i e s  a t  v e l o c i t i e s  g r e a t e r  

t h a n  p a r a b o l i c  e s c a p e  speed a t  E a r t h  (for example ,  r e f s .  45 

and  4 6 ) ,  has l e d  t o  t h e  s t u d y  of m o d e r a t e l y  s l e n d e r  cones  w i t h  

a p o i n t e d  ra ther  t h a n  a b l u n t  n o s e  f o r  s u c h  r e e n t r y  c o n d i t i o n s .  

Allen,  S e i f f ,  and  Winovich ( r e f .  15) a n a l y z e d  a f a m i l y  of  
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s u c h  cones  A ~ r  h y p e r v e l o c i t y  b a l l i s t i c  ea r th  e n t r y  and  some 

p e r t i n e n t  r e s u l t s  are  shown here. Two a b l a t o r s  were 

c o n s i d e r e d ,  one a low t e m p e r a t u r e  a b l a t o r  h a v i n g  t h e  assumed 

c h a r a c t e r i s t i c s  of s u b l i m i n g  t e f l o n ,  and t h e  o t h e r  a h i g h  

t e m p e r a t u r e  a b l a t o r  h a v i n g  t h e  assumed c h a r a c t e r i s t i c s  of  

v a p o r i z i n g  q u a r t z .  The cone  was assumed t o  r e m a i n  s h a r p ;  

t h e  d e t a i l s  of  t h e  a n a l y s i s  a r e  g i v e n  i n  t h e  r e f e r e n c e .  I n  

t h e  a n a l y s i s ,  optimum cone  a n g l e s  were computed f o r  minimum 

a b s o r b e d  e n e r g y  f r a c t i o n  as a f u n c t i o n  o f  e n t r y  v e l o c i t y  f o r  

b o t h  a l l - l a m i n a r  and  a l l - t u r b u l e n t  f l ow.  The r e s u l t s  f o r  

l a m i n a r  f l o w ,  b o t h  w i t h  t h e  t e f l o n  and  q u m t z  a b l a t o r s ,  a r e  

shown i n  F i g u r e  19. C o r r e s p o n d i n g  r e s u l t s  for t u r b u l e n t  flow 

ailti shown i i i  F i g u r e  20. In t h e s e  f i g u r e s ,  7 i s  tile a b s o r b e d  

e n e r g y  f r a c t i o n  ( r a t i o  o f  absorbed  e n e r g y  t o  i n i t i a l  k i n e t i c  

e n e r g y )  and  o c  i s  t h e  s e m i - v e r t e x  a n g l e  of t h e  cone .  The 

p a r a m e t e r  I3 i s  a b a l l i s t i c  p a r a m e t e r  d e f i n e d  by 

where Q o  i s  t h e  a t m o s p h e r i c  d e n s i t y  a t  t h e  s u r f a c e  a n d  t h e  

o t h e r  p a r a m e t e r s  are as d e f i n e d  p r e v i o u s l y .  

One i m p o r t a n t  p o i n t  t o  n o t e  f rom these  r e s u l t s  i s  t h a t  f o r  

e a c h  optimum c o n d i t i o n ,  c o n v e c t i o n  c o n t r i b u t e s  a p p r o x i m a t e l y  

85 t o  30 p e r c e n t  of t h e  t o t a l  e n e r g y  a b s o r b e d ,  and  f o r  t h e  

r a d i a t i v e  models  u s e d ,  e q u i l i b r i u m  r a d i a t i o n  a c c o u n t s  for 



n o s t  of tile b a l a n c e  ( n o n e q u i l i b r i u u  r a d i a t i o n  i n p u t  i s  

g e n e r a l l y  n e g l i g i b l e ) .  A t  f i r s t  G l a n c e ,  this b e h a v i o r  

a p p e a r s  somewhat anoi.ialous when t h e  tenuenc;r  t o w a r d s  

d m i n a n c e  of  r a d i a t i v e  t r a n s f e r  o v e r  c o n v e c t i v e  t r a n s f e r  

a t  s u c h  v e l o c i t i e s  i s  c o n s i d e r e d .  For s t a g n a t i o n  f l o w s ,  

f o r  example ,  optir-iuri nose r a d i i  were  c a l c u l a t e d  f o r  ninirnurn 

e n e r c y  t r a n s f e r  by  1iov:e and  S h e s f f e r  ( r e f .  147) and for t h e s e  

c a s e s ,  r a d i a t i o n  t r a n s f e r  exceeded  n e t  c o n v e c t i v e  t r a n s f e r  

by f a c t o r s  o f  from two t o  n i n e .  No r ea l  nnoinaly e x i s t s ,  

h o x e v e r ;  f o r  g i v e n  f l o w s  o v e r  s h a r p  c o n e s ,  c o n v e c t i o n  

d e c r e a s e s  s l o w l y  arid r a d i a t i o n  i n c r e a s e s  r z p i c i l y  w i t h  

i n c r e a s i n g  cone  a n g l e ,  x h i l e  f o r  i n c r e a s i n g  n o s e  r a d i u s  i n  

s t a g n a t i o n  flow, c o n v e c t i o n  u e c r e a s e s  alnGst as  r a p i d l y  a s  

r a d i a t i o n  i n c r e a s e s .  A s  a r e su l t ,  t h e  opt i ina  a r e  s h i f t e c l  

w i t h  r e s p e c t  t o  one a n o t h e r .  I n  e i t n e r  c a s e ,  f o r  a g i v e n  

c o n f i g u r a t i o n  ( cone  a n g l e  o r  nose r a d i u s )  r a d i a t i o n  woulu 

t e n d  t o w a r d s  don i l l ance  for v e l o c i t i e s  g rea te r  t h a n  t h a t  

c o r r e s p o n d i n g  t c  the optilnuIn. l!ote also t h a t  r e f e r e n c e  1 5  

c o n s i d e r e d  t o t a l  e n e r g y  t r a n s f e r  w h i l e  r e f e r e n c e  47 c a l c u l a t e d  

Ininimum h e a t i n g  r a t e .  

Optimum cone  s e n i - v e r t e x  a n g l e s  t e n d  t o  b e  r a t h e r  l a r g e ,  

from 25 t o  50 d e g r e e s ,  f o r  t h e  r a n g e  of  parameters shown, b o t h  



~ for l a m i n a r  and  t u r b u l e n t  flow. For t u r b u l e n t  flow, t h e  

34  

a b s o r b e d  e n e r g y  f r a c t i o n s  a re  n e a r l y  an  o r d e r  of magni tude  

g r e n t e r  t h a n  f o r  l a m i n a r  flow, a r e s u l t  of t h e  a f o r e n e n t i o n e c i  

dominance o f  t h e  c o n v e c t i v e  energy  a b s o r b e d .  T h i s  r e s u l t  

i s  g r a p h i c a l l y  i l l u s t r a t e d  i n  F i g u r e  2 1 ,  a p l o t  of l a m i n a r  

and t u r b u l e n t  optimui,i ene rgy  f r a c t i o n s  as a f u n c t i o n  of 

b a l l i s t i c  paraiiieter f o r  v a r i o u s  e r , t ry  v e l c c i t i e s .  The l a m i n a r  

c u r v e s  a re  assumed v a l i d  f o r  l o c a l  Reynolds  numbers l ess  

t h a n  107, and t h e  dashed p o r t i o n s  of t h e  c u r v e s  r e p r e s e n t  

a r b i t r a r y  f a i r i n g s  t o  j o i n  w i t h  t h e  t u r b u l e n t  c u r v e s .  Cne 

I c a n  c o n c l u d e  t h a t  i m p o r t a n t  a r e a s  f o r  f u t u r e  r e s e a r c h  s h o u l d  
c 

be  t h o s e  a s s o c i a t e d  w i t h  d e t e r m i n a t i o n  o f  t r a n s i t i o n  c r i t e r i a ,  

.I x z i n t e n a n e c  ~f 1ar:inar f l o w ,  and  d e t e r m i n a t i o n  w i t h  g r e a t e r  

c o n f i d e n c e  of  t h e  t u r b u l e n t  h e a t i n g  l e v e l s  f o r  r e e n t r y  

I c o n d i t i o n s .  

The a n a l y s i s  d e s c r i b e d  above n e g l e c t e d  t h e  e f f e c t  of 

s h a p e  change .  If shape change  were p e r m i t t e d ,  t h e  s h a r p  

c o n e s  would r a p i d l y  b l u n t ,  r a d i a t i v e  t r a n s f e r  would b e  much 

enhanced  i n  t h e  n o s e  r e g i o n ,  and t h e  r e s u l t i n g  s u r f a c e  

r e c e s s i o n  i n  t h e  n o s e  r e g i o n s  would t e n d  t o  c o n t i n u a l l y  

a c c e l e r a t e  t h e  b l u n t i n g  e f f e c t  d u r i n g  a n  e n t r y .  T h i s  s u g g e s t s  

t h a t  some means o f  p rov id i r ig  n o n a b l a t i v e  t i p s  s h o u l d  be  s o u g h t .  

T r a n s p i r a t i o n  o r  f i l m  c o o l i n g  may be a p p r o p r i a t e  means of  

p r o v i d i n g  s u c h  p r o t e c t i o n .  Such n o n a b l a t i v e  heat p r o t e c t i o n  
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t e c h n i q u e s  may a l s o  b e  d e s i r a b l e  for e n t r y  v e h i c l e s  which 

a r e  d e s i g n e d  f o r  re-use. 

The r e s u l t s  j u s t  d e s c r i b e d  were d e r i v e d  s r e c i f i c a l l y  

for b a l l i s t i c  e n t r y .  1Jo e q u i v a l e n t  p a r a r n e t r i c  a n a l y s i s  has 

been  per formed f o r  l i f t i n g  e n t r y ;  s u c h  a n  a n a l y s i s  would b e  

much more complex. Ilowever, a c o n c e p t u a l  l i f t i n g  e n t r y  

v e h i c l e  d e s i g n  s t u d y  f o r  one s e t  o f  e n t r y  c c n d i t i o r x  was 

c z r r i e d  o u t  arid i s  r e p c r t e d  by Hearne ,  C h i r i ,  and  Lefferao 

( r e f .  4 8 ) .  The v e h i c l e  c o n f i g u r a t i o n  c o n s i s t e d  of a s p h e r i c a l l y -  

b l u n t e d  c i r c u l a r  coiie a l i g n e u  w i t h  i t s  a x i s  parallel t o  t h e  

d i r e c t i o n  of f l i g h t ,  anci w i t h  i t s  base r a k e d  o f f  a t  a n  a n g l e  

to p r o v i d e  t h e  d e s i r e d  l i f t .  An e l l i p t i c  cone  a f t e r b o d y  was 

f i t 2 E . d  t o  t h e  r a k e d - o f f  base t o  p r o v i d e  u s e f u l  volume. The  

v e h i c l e  s t u d i e d  had a l i f t / d r a g  r a t i o  of  0 .6 ,  and 2 

b a l l i s t i c  p a r a m e t e r  ( m / c ~ A )  o f  abou t  1 0 0  gm/cril . F o r  g i v e n  2 

gross weight and volume ( i n c l u d i n g  a f t e r b o d y ) ,  a cone semi- 

v e r t e x  a n g l e  of  a b o u t  40 d e g r e e s  was founci t o  y i e l c l  mininuni 

h e a t  s h i e l d  we igh t  for e n t r y  i n t o  t h e  E a r t h ' s  a tmosphe re  a t  

19 .8  km/sec w i t h  a p h e n o l i c - n y l o n  a b l a t i v e  hea t  s h i e l d  assumed. 

Two l e v e l s  of r a d i a t i v e  h e a t i n g  were assumed;  t he  l a rge  

( n o m i n a l )  c o r r e s p o n d i n g  r o u g h l y  t o  t h e  es t imates  o f  l i a rdone ,  

e t  a l .  ( r e f .  40), and t h e  smaller e q u a l  t o  1 / 1 0  t h a t  amount.  

Heat s h i e l d  mass i s  p l o t t e d  f o r  e a c h  c a s e  as  a f u n c t i o n  of 



C O I : ~  a n g l e  f o r  t hese  two es t l i ; l a te r ,  i n  Fi;;;ure 2 2 .  t he  

1arGer m i s s i o n ,  t h e  c;itir:iu::i an,:le i s  about  43 cieirces,  

a i d  w?;en t h e  r a d i a t i v e  i i iFu t  i s  r e d u c e d  an o r d e r  of' :r:sgnituG:e, 

t h e  optirnu;n s h i f t s  t o  a n  a n g l e  above 45 degrees  w h i l e  t h e  heat 

z i i l e l a  r,ass i s  r zduced  t o  a v a l u e  e s t i x a t e d  t o  b e  s b o u t  oiie-k,alf' 

tt.r.:t f 'or  no;ninal e m i s s i o n .  The f a c t  t h a t  the  h e a t  s h i e l c i  : x i s s c s  

;ire rlot i n  p r o p o r t i o n  t o  t h e  e r i i s s i o n  l e v e l s  i s  a t t r i b u t e 3  t o  

t h e  i n f l u e n c e  of c o n v e c t i v e  h e a t i n g ,  r a d i a t i v e  cocl l ing cf t h e  

shc?ck l a y e r ,  r e r a d i a t i o n  froiii the  heat  s h i e l d  s u r f a c e ,  snd  t h e  

p :'e :I e n c e o f una f f e c t e d he a t  s h i e 1 C i n s  L 1 a t  i on . 
T h e  e f f e c t  of  t r a n s i t i o n  ? ? a j 7 r i ~ l d ~  n u x b c r  i s  shoxr, i n  

? iGur>t :  2 3 ,  a r l o t  o f  heat shield. mass a,';ainsit cone  anG1e f o r  

thr.ee v a l u e s  of t r a n s i t i o n  Reynolds  number briseci upon [Llor;iefitai:: 

thickness. 11s e x p e c t e d ,  a n  i r i c r e a s e  i n  t r a c s i t i o n  Reynolds  nu-iber 

r e s u l t s  i n  a d e c r e a s e d  optimurn c c n e  a n g l e  m u  ;i t c t a l  heat 

s h i e l d  rnass r e d u c t i o n  of a f a c t o r  of  a h o u t  two f o r  tlic v & l u e s  

siio;Jri. '?his a g a i n  de:,ionr, t r a t e s  the  i:.;r,ortance cf t h e  r1ieter:nina- 

t i o n  of t r a n s i t i o n  c r i t e r i a  and t u r b u l e n t  n e a t  t r a n s f e r .  

EE L AT I VC 

b.llen ( r e f .  4 9 )  c o n s i d e r e a  tile r e l a t i v e  : . ieri ts  o f  ? r o I - u l -  

s i v e  ariu aerodynamic  b r a k i n g  for d e c e l e r a t i o n  a t  e a r t h  r e t u r n .  

T h i s  c o n p a r i s o n  xiis based  u p o n  t h e  r 2 e s u l t s  for L a l l i s t i c  e n t r y  
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of s h w p ,  a b l a t i n g  c o n e s  d e s c r i b e d  p r e v i o u s l y  ( r e f .  1 5 ) .  

P l o t t e d  i n  F i g u r e  24 i s  t h e  e q u i v a l e n t  s p e c i f i c  i r ; ,pulse  

*'or t h e  t e f l o n  and  q g a r t z  ab la to r s  as a f u n c t i o n  o f  e n t r y  

: , e l o c i t y ,  f o r  l a m i n a r  f low.  Shown a l s o  a r e  t y p i c a l  s p e c i f i c  

:ilipulSe v a l u e s  a p p r o p r i a t e  t o  chemica l  anu n u c l e a r  r o c k e t s .  

L r : i 2  i v a l e r l t  s r e c i f i c  i n p u l s e  valLtes for the aerouynarnic  

b i - a k i n g  case w i t h  t u r b u l e n t  f low would b e  a k J 0 U t  one o r u e r  o f  

c a g n i t u d e  lower t h a n  f o r  l a m i n a r  f l o w ,  arid for t e f l o n  would 

r ; k  i f  t h e  same o r u e r  a s  t h e  p r o p u l s i o n  s y s t e ! ~ ~ ,  w h i l e  q u a r t z  

W G ~ ~ L  s t i l i  b e  nore e f f e c t i v e .  : lore  coz ip l e t e  co::iparisor,s 

iiitLkin,: u s e  of es t imated e n g i n e ,  p r o p e l l a f i t  t a k ,  arid 

s t r u c t u r e  w e i g h t s  for p r o p u l s i v e  sys t e ins ,  and i n s u l a t i o n  

~ f i d  s t r u c t u r e  v e i g h t s  f o r  a tmosphere  S r a k i i i g  systens,  s h o u l d  

~e i n v e s t i g a t e d .  So long as l a m i n a r  f l o w  can  b e  m i n t a i n e d ,  

iiCiiiever, i t  i s  e x p e c t e d  t h a t  t he  a d v a n t a g e  would rerdain w i t h  

2tinGsphere b r a k i n g .  

Iluch t h e  sane a d v a n t a g e  was shown b y  Tauber  and S e i f f  

( r e f .  5 0 )  f o r  a tmosphe re  b r a k i n g  from h y p e r b o l i c  aCproacti 

v e l o c i t i e s  t o  o r b i t a l  v e l o c i t y  a t  Iqars, compared t o  t h e  

e q u i v a l e n t  p r o p u l s i v e  maneuver.  I n  t h e  r e f e r e n c e ,  i n i t i a l  

r.iass r e q u i r e d  i n  e a r t h  o r b i t  t o  l a u n c h  the m i s s i o n s  was 

c o n s i d e r e d  t h e  measure by  which r e l a t i v e  a d v a n t a g e  was 

d e t e r m i n e d ,  and  sys tems u t i l i z i n g  r o c k e t  p r c p u l s i o n  a t  ihrs  

t o  pe r fo r in  t h e  c a p t u r e  maneuver were a p p r o x i c i a t e l y  t w i c e  as 
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: , i a s s ive  as t h o s e  u t i l i z i n g  a t i ~ u s p ~ e r e  UrakinG. Thus atinos- 

y h e r e  b r a k i n g  t o  o r b i t  a t  J a r s  f o r  :iarmecl : . l i s s i o n s  a p p e a r s  

t o  o f f e r  a s i g n i f i c a n t  a d v a n t a E e  o v e r  pro : ,u l s ive  b r h k i n g  

from a v e h i c l e  we igh t  s tar : i ipoir i t ,  I t s  u1 t i i : a t e  s e l e c t i o r i ,  

i lswever,  w i l l  depend upon inany f a c t o r s ,  such  LIS t h e  l e v e l  

of h e a t  s h i e l a i n g  tcchrloloGy,  a b i l i t y  t o  store a n a  i r i s u l h t e  

c r y o g e n i c  f l u i i s  from the e n t r y  n e a t i n g  loads, arid res ic lual  

u r , c e r t a i n t i e s  i n  t h e  I'lsLrtian at i . iosphere.  

Ground f a c i l i t i e s  c a p a b l e  o f  s i r l i u l a t i o n  o f  one c r  r n G r e  o f  

t h c  i d?aineters c h a r a c t e r i s t i c  of r e e n t r y  f 1ip;ht have  acivancecl 

c o n s i d e r a b l y  i n  t i le p a s t  few y e a r s .  AlthouLh t h e  shock  t u b e  

will c o n t i n u e  as t h e  p r i r m r y  t o o l  f o r  t h e  d e t e r m i n a t i o n  o f  

h i g h  t e m p e r a t u r e  p r o p e r t i e s  o f  g a s e s  and  for ri ieasurements o f  

F henomena which a r e  e s s e n t i a l l y  i n d e p e n d e n t  o f  f r e e  strear? 

s i n u l a t i o n ,  s u c h  as c o n v e c t i v e  h e a t  t r a n s f e r  t o  t h e  fo rebody  

o f  b l u n t  c o n f i g u r a t i o n s ,  nevi f a c i l i t y  c o n c e p t s  vJhich kiol~t  

iduch pro in ise  have  been  or a r e  b e i n g  deve loped .  

Fclr t h e  s i m u l a t i o n  of  f r e e  strearn v e l o c i t y ,  'Iach number, 

arid Reyriclds nurjber,  e x t e n s i v e  cievelopr.,ent o f  b a l l i s t i c  s h c c k  

t u n n e l s  h a s  beer1 pur sued .  I n  t h i s  t y p e  of f a c i l i t y ,  a s ~ i d l l  

moue1 i s  f i r e d  from a l i g h t  gas gun i n t o  ;i c o u n t e r c u r r e n t  
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~ ; 3 s  s t r e m  bener;Lteci by a shock  t h n n e l .  . ?c l ; l t ive  v e l o c i t i e s  

o f  ribout 13 kr,i/sec l iave  been  Ll t ta ineu  \dit!: , cae ls  of abCut  

1/2 cri uiaineter (rei'. 51). 

iJou&ii ly  s i r i i l z r  c a p a b i l i t i e s  x i t h  a i a iode l  i'ixeu r e l k t i v e  

t c 7  t!ie 1kbor;torjr si ioult i  be possible w i t h  a  ne^ c o n c e p t ,  t r i e  

e x p a n s i o n  t u n n e l  (ref. 5 2 ) .  T h e  t u i i n e l  i s  e s s e n t i a l l y  a 

i touble  u i s y h r a  s h c c k  t u b e  w i t h  t h e  c r o s s - s e c t i o r i a l  a rea  

i n c r e a s e d  a o w n s t r e m  of t h e  second diayihra,;;i. The t e s t  g z s  

i s  p l a c e d  be twcen t h e  two d i a y h r a g x s  arid i s  f i r s t  COCiI,'PeSSed 

a r iu  a c c e l e r a t e d  by tile sliock wave ,enera  teci t h r o u g h  r u y t u r e  

~f t h e  f i r s t  uiaphraLIn. T h i s  tiis s d b s e c u e n t l y  unGerkIoes 

expcinsion s n d  f u r t h e r  a c c e l e r a t i o n  by b o t h  t h e  u i i s teaay  

e x p a n s i o : ~  h a v e  g e n e r a t e d  by  r u p t u r e  of t h e  second  uiaphragin 

and  the s t e a d y  e x l a n s i o n  as it  passes trirough the  r e g i o n  of 

i n c r e a s i n g  area.  The gas ,  by this tirne a t  low t e i l L p e r a t u r e  a n d  

h i g h  v e l o c i t y ,  t h e n  passes  o v e r  t h e  f i x e u ,  i n s t r u i d e n t e d  rnociel. 

The e x p a n s i o n  t u n n e l  i s  z ,;,edification of an e a r l i e r  coricer t , 
t he  e x p a n s i o n  t u b e  ( r e f .  5 3 ) ,  w i t h  p o t e n t i a l l y  g r e a t e r  

u t i l i t y .  

l i e i t h e r  of t h e  a fo remen t ioned  t y p e s  of  f a c i l i t i e s  i s  

c a p a b l e  of p r o v i d i n g  s u f f i c i e n t l y  l o n g  t e s t  t i n e s  for r e s e a r c h  

rqith h i g h - t e m p e r a t u r e  c h a r r i i i g  z b l a t o r s ,  and  riiost wol-k of  

t h i s  t y p e  has been  c a r r i e d  o u t  i n  v a r i o u s  a r c - h e a t e d  wind 

t u n n e l s .  T h e  r e c e n t l y  deve loped  c o n s t r i c t e d  a r c  t u n n e l  



( r e f .  54)  has b e e n  o p e r a t e d  a t  e n t h a l p i e s  up t o  a b o u t  

24x10 3 cal /gm, c o r r e s p o n d i n g  t o  a v e l o c i t y  o f  111 k:n/sec, 

and may be  a p p r o p r i a t e  for d e v e l o p n e n t  of  such  a b l a t i o n  

c ia te r ia l s  s u i t a b l e  f o r  t h e  n e x t  g e n e r a t i o n  cf' e n t r y  v e h i c l e s .  

The  s i m u l t a n e o u s  a t t a i n m e n t  o f  r e e n t r y  f l i g h t  v e l o c i t y ,  

Xach number, Reynolds  number, a n d  h e a t i n g  h i s t o r y  i n  g round  

f a c i l i t i e s  d o e s  n o t  a p p e a r  p o s s i b l e  a t  th is  time. I n v e s t i -  

g a t i o n  of  t h e s e  phenonena,  shown t o  b e  i m p o r t a n t  i n  t h e  

p r e v i o u s  d i s c u s s i o n ,  w i l l  have  t o  be  c a r r i e d  on w i t h  p a r t i a l  

s i m u l a t i o n ,  as i n  t h e  pas t ,  and supp lemen ted  with well 

chosen  r e e n t r y  f l i g h t  t e s t s .  

CONCLUDING REMARKS 

Some r e c e n t  a d v a n c e s  i n  a t m o s p h e r e e n t r y  have been  

r e v i e w e d  a g a i n s t  a background of t h e  r e q u i r e m e n t s  of m i s s i o n s  

of  t h e  f u t u r e .  T h e  r e q u i r e m e n t s  of  unmanned and xanned ilars 

m i s s i o n s  have  been  emphas ized ,  b u t  some b r i e f  c o n s i d e r a t i o n  

was g i v e n  t o  unmanned Venus and J u p i t e r  m i s s i o n s  and t o  

nanned  n e a r - e a r t h  m i s s i o n s .  

Al though t h e  e n t r y  v e l o c i t i e s  c h a r a c t e r i s t i c  o f  Plars 

e n t r i e s  a re  low b y  e a r t h  e n t r y  s t a n d a r d s ,  p roblems somewhat 

d i f f e r e n t  will be e x p e r i e n c e d .  Unmanned b a l l i s t i c  p r o b e s  

must  b e  of  e x t r e m e l y  h i g h  drag i n  o r d e r  tha t  t h e y  c a n  

40 



d e c e l e r a t e  t o  s u f f i c i e n t l y  low v e l o c i t i e s  f o r  p a r a c h u t e  

dep loymen t .  Thus,  t h e  b l u n t  e n t r y  c o n f i g u r a t i o n  i s  s t i l l  

of p e r t i n e n c e .  Yanned e n t r y  v e h i c l e s  f o r  b o t h  Plars and 

e a r t h  e n t r y ,  on  t h e  o t h e r  hand ,  may w e l l  t e n d  t o  t h e  l e s s  

b l u n t  c o n f i g u r a t i o n s  c o i n p a t i b l e  w i t h  l i f t / d r a C ;  r a t i o s  o f  

t h e  o r d e r  o f  one  a n d  r e d u c e d  r a d i a t i v e  h e a t i n g .  The c u r r e n t  

d n c e r t a i n t y  i n  t h e  d e f i n i t i o n  of  t h e  N a r t i a n  a t m o s p h e r e  

i lks s e r i o u s  i m p l i c a t i o n s  f o r  b o t h  unmanned and  manned e n t r y  

a t  Fiar s . 
The p r e d i c t i o n  of  l a m i n a r  c o n v e c t i v e  heat  t r a n s f e r  and 

r a J i a t i v e  heat t r a n s f e r  f c r  v e l o c i t i e s  up t o  t h o s e  c o r r e -  

s p o n d i n g  t o  d i s s o c i a t i o n  of m o l e c u l e s  a p p e a r s  t o  b e  wel l  i n  

]land. The p r e d i c t i o n  of  t r a n s i t i o n  and  t u r b u l e n t  heat 

t r a n s f e r  f o r  h i g h  r e e n t r y  v e l o c i t i e s  and the p r e d i c t i o n  o f  

l a m i n a r  c o n v e c t i v e  and  r a d i a t i v e  h e a t i n g  a t  v e l o c i t i e s  

i n d u c i n g  s i g n i f i c a n t  i o n i z a t i o n  i s ,  a t  p r e s e n t ,  u n s a t i s f a c t o r y ,  

C r i t i c a l  t o  t h e  improved p r e d i c t i o n  of  l a m i n a r  c o n v e c t i v e  

and  r a d i a t i v e  h e a t i n g  are t h e  d e t e r m i n a t i o n  o f  s econd  and  

h i g h e r  o r d e r  e f f e c t s  i n  thermal c o n d u c t i v i t y  and t h e  e f f e c t s  

o f  r a d i a t i o n  i n  t h e  vacuum u l t r a v i o l e t  p o r t i o n  o f  t he  

s p e c t r u m ,  r e s p e c t i v e l y .  

F i n a l l y ,  i t  i s  i n s t r u c t i v e  t o  compare some of t h e  
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c o n c l u s i o n s  r e a c h e d  i n  a r ev iew o f  a t m o s p h e r e  e n t r y  t e c h n o l o g y  

p r e s e n t e d  i n  1 9 6 1  ( r e f .  5 )  w i t h  t h o s e  of  t h e  p r e s e n t  p a p e r .  
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I n  t h e  p r e v i o u s  r e v i e w ,  tile t endency  of  r a d i a t i o i i  h e a t i n ,  

t o  doininc:tte the  h e z t i n ;  ~ , r o b l e m  d u r i n g  l l y i  e1 .bol ic  e r i t ry  

L J ~ S  c i t e d  as n Fctent icc; l  ciajor I ) r G b l e r . i ,  and this  tendericy 

s t i l l  e x i s t s  t o d a y .  iIowever, i t  h a s  been  de ter? : l ined  t i u r i n ; ;  

t h e  i n t c r v e n i n g  p e r i o u  t h a t  n o n e q u i l i b r i u m  r a c i i a t i o n  Is n o t  

it ; i a j o r  f a c t o r  at; h igh  s u p e r - s a t e l l i t e  v e l o c i t i e s ,  and 

t h a t  r s c i i a t i v e  coolii ie;  a l l e v i k t e s ,  t o  ;? decree,  t he  tcilderic>r 

of equ i l ib r iu r r .  r a t i i a t i o n  t c  dominate  t!ic c o n v e c t i v e  heat 

t r a n s f e r .  R a d i a t i o n  i n  t h e  ex t r eme  u l t r a v i o l e t  p o r t i o n  of 

t h e  s p e c t r u m ,  n o t  p r e v i o u s l y  c o n s i d e r e d ,  has riow been  

d e t e r l n i n e d  t o  b e  o f  ri~aJ 01- iniportai lce .  I!owever, s c l f -  

a b s o r p t i o n  of t h i s  e:liissiori may t e n d  t o  r e d u c e  t h e  irripact 

o f  t h i s  componer,t of the r a d i a t i o r i .  

The s i t u a t i o n  w i t h  r e g a r d  t o  t r a n s i t i o n  arid t u r b u l e n t  

h e a t i n g  r e m a i n s  l i t t l e  changed from 1961. Cf p a r t i c u l a r  

i m p o r t a n c e  i s  t h e  c o n s i d e r a t i o n  o f  t r a n s i t i o i i ,  b e c a u s e  l a rge  

l i f t i n g  and n o n l i f t i n g  v e h i c l e s  e x p e r i e n c e  ra ther  l a rge  

Reyno lds  numbers d u r i n g  a t n o s p h e r e  e n t r y .  The e x i s t e n c e  o f  

e x t e n s i v e  r e g i o n s  of t u r b u l e n t  flow has been  shown t o  r e s u l t  

i n  a n  i n c r e a s e  of a n  o rde r  of magni tude  i n  lleat p r o t e c t i o n  

r e q u i r e m e n t s  f o r  a c l a s s  of c o n i c a l ,  b a l l i s t i c ,  a b l a t i n g  

c o n f i g u r a t i o n s .  
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